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1
ENHANCED OXYGEN CELL CULTURE
PLATFORMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation-in-part of U.S.
non-Provisional patent application Ser. No. 11/775,012, filed
on Jul. 9, 2007, entitled ENHANCED OXYGEN CELL
CULTURE PLATFORMS, which claims priority of U.S. Pro-
visional Patent Application No. 60/819,153, filed Jul. 7, 2006,
entitled ENHANCED OXYGEN CELL CULTURE, the con-
tents of both of which are incorporated herein by reference in
their entireties.

FIELD OF THE INVENTION

The invention generally relates to an apparatus and meth-
ods for growing cells or tissue culture in vitro. More particu-
larly, the present invention relates to a cell culture apparatus
containing at least one gas permeable membrane which
allows rapid, enhanced and uniform transfer of oxygen
between the environment of cells contained in the cell culture
container apparatus and the atmosphere of the incubator in
which the cell culture apparatus is incubated.

BACKGROUND

In eukaryotic cell culture systems, the culture of the cells is
generally under conditions of controlled pH, temperature,
humidity, osmolarity, ion concentrations, and exchange of
gases. Regarding the latter, oxygen and carbon dioxide (CO,)
are of particular importance to the culturing of cells. In a
typical eukaryotic cell culture system, an incubator is pro-
vided in which CO, is infused to maintain an atmosphere of
about 5% CO, within the incubator. The CO, interacts with
the tissue culture medium, particularly its buffering system,
in maintaining the pH near physiologic levels. Conventional
cell culture containers comprise tissue culture flasks, tissue
culture bottles, and tissue culture plates. Entry of CO, from
the incubator atmosphere into a tissue culture plate generally
involves a loosely fitting cover which overhangs the plate in
excluding particulate contaminants from entering the plate
chamber(s), but allows gas exchange between the incubator
atmosphere and the atmosphere within the tissue culture
plates. Similarly, for a tissue culture flasks or bottle, a loosely
fitting cap excludes particulate contaminants from entering
the chamber of the flask or bottle, but allows gas exchange
between the incubator atmosphere and the atmosphere within
the flask or bottle. More recently, a cap is provided with a gas
permeable membrane or filter, thereby allowing for gas
exchange with a tightly fitting cap.

In addition to CO,, the culturing of cells is dependent upon
the ability to supply to the cells a sufficient amount of oxygen
necessary for cell respiration and metabolic function. The
supply of oxygen for cell respiration in conventional cell
culture containers is in the header space of the container, e.g.,
the void space in the container that is above the surface of the
tissue culture medium. Efforts to increase oxygen concentra-
tion to the cultured cells includes mechanical stirring,
medium perfusion or aeration, increasing the partial pressure
of' oxygen, and/or increasing the atmospheric pressure. Thus,
in conventional cell culture containers the volume or surface
provided for gas exchange, as relative to the volume or sur-
faces ofthe whole container, is either inefficiently used and/or
results in limiting the rate of gas exchange or in the equili-
bration of gases. This is even more noticeable in small-scale
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cultures (15 ml or less) in which rate of cell growth, cell
densities, and total cell numbers, are frequently low due to
space, surface area, and gas exchange limitations. There is
also evidence that suboptimal oxygen levels across precursor
tissues in vitro result in a lower degree of differentiation.

Varying levels of oxygen in cultured embryonic stem cells,
for instance, determine whether they will proliferate or dif-
ferentiate. A clear relation between oxygenation and differ-
entiation has also been observed in endothelial and mesen-
chymal stem cells. In another in vitro system, we have shown
that pancreatic beta cell differentiation in vitro is greatly
enhanced by oxygen. This is consistent with the observation
that the second and most significant wave of beta cell speci-
fication during embryonic development (secondary transi-
tion) is concurrent with the initiation of blood flow within the
pancreatic buds. There is, therefore, a need in the art to pro-
vide tissue culture systems wherein oxygen delivery is
enhanced, or adjusted depending on the culture setting, pro-
liferation, differentiation and/or viability.

SUMMARY

A system/apparatus is described that provides enhanced
delivery of oxygen to cells in conventional static culture plat-
forms through the modification of conventional culture sys-
tems in that oxygen diffusion occurs on both sides of the
culture vessel, top and bottom. A gas permeable membrane
composition is further provided.

In typical culture vessels, made of stable, relatively gas
impermeable plastics such as polystyrene or polypropylene,
cells rest upon the bottom plastic surface and are covered by
a given medium depth to allow for adequate oxygenation
from air above the medium layer. This system is far from ideal
in that the cell/media layer rapidly forms sharp oxygen gra-
dients depending on the seeding density and the oxygen con-
sumption rate of the cultured tissue. This leads to the devel-
opment of anoxic core regions in cultured cells when they are
of'a diameter greater than approximately 400 micrometers or
when they are cultured in seeding densities that exceed 1-3%
ofthe culture flask surface area. The result is an increased cost
and inefficiency in culturing large quantities of cells, not to
mention the increased risk of contamination due to the
manipulation of numerous culture vessels. Also, the effect on
cell functionality, viability and differentiation, particularly in
cells with significant metabolic activity, such as Islets of
Langerhan’s, is significantly negative.

In a preferred embodiment, a cell and tissue culture appa-
ratus comprises a tissue culture well comprising a membrane
barrier; support members extending from the bottom of the
tissue culture well to elevate the tissue culture well; and, atray
or tissue culture flask comprising the tissue culture well.
Support members can also be on the side or top of the well, or
in any other way so that the bottom barrier is elevated and air
can flow through it. The tissue culture well comprises an
upper and lower opening; and a gas permeable, liquid non-
permeable membrane barrier wherein said barrier defines a
continuous bottom surface the tissue culture well.

In a preferred embodiment, the membrane barrier com-
prises a perfluorinated hydrocarbon and silicone composi-
tion. Preferably, the perfluorinated hydrocarbon comprises
fluoroheptanes, fluorocycloheptanes, fluoromethylcyclohep-
tanes, fluorohexanes, fluorocyclohexanes, fluoropentanes,
fluorocyclopentanes, fluoromethylcyclopentanes, fluorodim-
ethylcyclopentanes, fluoromethylcyclobutanes, fluorodim-
ethylcyclobutanes, fluorotrimethylcyclobutanes, fluorobu-
tanes, fluorocyclobutanse, fluoropropanes, fluoroethers,
fluoropolyethers, fluorotributylamines, fluorotriethylamines,
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perfluorohexanes, perfluoropentanes, perfluorobutanes, per-
fluoropropanes, or sulfur hexafluoride.

In another preferred embodiment, the membrane barrier
comprises a fluorocarbon derivative and silicone composi-
tion. Examples of fluorocarbon derivatives include perfluo-
rotributyl amine, fluorinated silanes and partially fluorinated
silanes

Other alternative molecules that promote oxygen exchange
and could be used in the formulation of the barrier include, but
are not limited to, neuroglobin, hemoglobin and myoglobin.

In apreferred embodiment, the perfluorinated hydrocarbon
and silicone composition has a ratio of between about 0.001%
v/v perfluorinated hydrocarbon per ml of silicone up to 80%
v/v perfluorinated hydrocarbon per ml of silicone. Similarly,
afluorocarbon derivative and silicone composition has a ratio
of' between about 0.001% v/v fluorocarbon derivative per ml
of silicone up to 80% v/v fluorocarbon derivative per ml of
silicone.

In another preferred embodiment, the O, is further
enhanced by culturing the cells in various media which allow
for a higher O, uptake. For instance, perfluoro emulsions.

In another preferred embodiment, the membrane barrier
comprises at least one material selected from ceramics, poly-
mers, woven substrates, non-woven substrates, polyamide,
polyester, polyurethane, fluorocarbon polymers, polyethyl-
ene, polypropylene, perfluorinated hydrocarbon, fluorocar-
bon derivatives, polyvinyl alcohol, hydrogels and silicone.

In another preferred embodiment, the membrane barrier
comprises pores of at least about 0.001 um up to 0.5 uM in
size. Preferably, the membrane barrier is at least about 0.01
uM thick up to about 1 mm thick.

In yet another embodiment, the tissue culture well is made
from at least one material comprising polypropylene, poly-
styrene, vinyl, other plastics, metals, alloys, minerals, non-
metallic minerals, wood, fibers, cloth and glass. The tray
comprising at least one or more tissue culture wells, is made
from at least one material comprising polypropylene, poly-
styrene, vinyl, other plastics, metals, alloys, minerals, non-
metallic minerals, wood, fibers, cloth and glass.

The shape, dimensions of the tissue culture well and tray
can vary depending on the needs of the user. For example, the
tissue culture well can be circular, rectangular and the like.
The size of the tissue culture well tissue culture well can be
the size of a typical 384 well plate, a typical 96 well tissue
culture plate, a typical 24 well tissue culture plate, a 12 well
tissue culture plate, a 6 well tissue culture plate and the like.
The system can also be in the shape of a tissue culture flask.
The barrier can be along the base or side of the flask.

In one aspect of the invention, the tray comprises a lid
which allows for gaseous exchange. The system can be incu-
bated in incubators with varying oxygen percentages. For
example, incubators with about 1% to 100% O,, and/or
hyperbaric chambers The system ensures that the delivery of
0, is continuous, efficient, and enhanced compared to typical
tissue culture systems.

In another preferred embodiment, the apparatus is molded
into a bag. The bag can be any shape or size depending on the
user’s requirement, e.g. square, rectangular, circular and the
like. The thickness of the membrane r is at least about 0.01 uM
thick up to about 1 mm thick. Examples of sizes of the bag
include but not limited to: 200 mL bag: 17.53 cm lengthx
11.43 cm width (6.9 in. lengthx4.50 in. width); 150 mL bag:
14.86 cm length.times.7.62 cm width (5.85 in. length-
times.3.0 in. width); bag: 8.84 cm length.times.7.04 cm
width.times.0.74 cm depth (3.48 in. length.times.2.77 in.
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width.times.0.29 in. depth). In other embodiments the bag
comprises more than one chamber, one or more openings and
the like.

In another preferred embodiment, a composition com-
prises a highly permeable silicone matrix impregnated,
mixed, combined or cross-linked with a perfluorocarbon or
fluorocarbon derivative. Preferably, the perfluorocarbon or
fluorocarbon derivative comprises fluoroheptanes, fluorocy-
cloheptanes, fluoromethylcycloheptanes, fluorohexanes,
fluorocyclohexanes, fluoropentanes, fluorocyclopentanes,
fluoromethylcyclopentanes, fluorodimethylcyclopentanes,
fluoromethylcyclobutanes, fluorodimethylcyclobutanes,
fluorotrimethylcyclobutanes, fluorobutanes, fluorocyclobu-
tanse, fluoropropanes, fluoroethers, fluoropolyethers, fluo-
rotributylamines, fluorotriethylamines, perfluorohexanes,
perfluoropentanes, perfluorobutanes, perfluoropropanes, flu-
orinated silanes, partially fluorinated silanes, or sulfur
hexafluoride.

In one embodiment, the perfluorocarbon and silicone com-
position has a ratio of between about 0.001% v/v pertluoro-
carbon per ml of silicone up to 80% v/v perfluorocarbon per
ml of silicone. Similarly, the fluorocarbon derivative and sili-
cone composition has a ratio of between about 0.001% v/v
fluorocarbon derivative per ml of silicone up to 80% v/v
fluorocarbon derivative per ml of silicone.

In another preferred embodiment, a method of growing
cells or tissue explants in an enhanced oxygen delivery tissue
culture apparatus, the method comprises (a) suspending the
cells or tissue explants to be cultured in the apparatus of the
invention, in an appropriate amount of tissue culture medium
to form a suspension; (b) introducing the suspension into an
instrument for injecting the suspension into a tissue culture
well of the apparatus; and, (c) incubating the cell culture
apparatus, containing the suspension of medium and cells, in
acell culture incubator. Preferably, the cells to be cultured are
anchorage-dependent cells or anchorage-independent cells.
Cultured tissue sections are also contemplated within the
scope of the invention.

In another preferred embodiment, the culture system com-
prising the cells, tissues or organs is incubated in a range of
oxygen levels and temperatures. For example, incubators
with about 1% to 100% O,, and/or hyperbaric chambers.

In another preferred embodiment, a method to determine
the effect of enhanced oxygen delivery and availability to a
cell culture, comprises culturing cells in an apparatus com-
prising: a tissue culture device containing a membrane bar-
rier; support members extending from the bottom, side or top
of the tissue culture well to elevate the tissue culture well;
and, a tray or culture flask comprising the tissue culture well.

In another preferred embodiment, the apparatus comprises
an upper and lower opening; and a gas permeable membrane
barrier wherein said barrier defines a continuous bottom sur-
face the tissue culture device. Preferably, the membrane bar-
rier comprises at least one material selected from ceramics,
polymers, woven substrates, non-woven substrates, polya-
mide, polyester, polyurethane, fluorocarbon polymers, poly-
ethylene, polypropylene, perfluorinated hydrocarbon, poly-
vinyl alcohol, hydrogels and silicone.

In a preferred embodiment, the membrane barrier com-
prises a perfluorinated hydrocarbon or fluorocarbon deriva-
tive and silicone composition. Examples of perfluorinated
hydrocarbon or fluorocarbon derivatives include, but are not
limited to fluoroheptanes, fluorocycloheptanes, fluorometh-
ylcycloheptanes, fluorohexanes, fluorocyclohexanes, fluoro-
pentanes, fluorocyclopentanes, fluoromethylcyclopentanes,
fluorodimethylcyclopentanes,  fluoromethylcyclobutanes,
fluorodimethylcyclobutanes, fluorotrimethylcyclobutanes,
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fluorobutanes, fluorocyclobutanse, fluoropropanes, fluoroet-
hers, fluoropolyethers, fluorotributylamines, fluorotriethy-
lamines, perfluorohexanes, pertfluoropentanes, perfluorobu-
tanes, perfluoropropanes, fluorinated silanes, partially
fluorinated silanes, and sulfur hexafluoride.

In another preferred embodiment, an apparatus for the
transportation of cells, tissues and organs comprises a culture
device containing a membrane barrier; and, a container
enclosing the culture device under sterile conditions.

In another preferred embodiment the culture device com-
prises an upper and lower opening; and a gas permeable
membrane barrier wherein said barrier defines a continuous
surface of at least one side of the culture device. Preferably,
the membrane barrier comprises a perfluorinated hydrocar-
bon and silicone composition.

In another preferred embodiment the perfluorinated hydro-
carbon or fluorocarbon derivative comprises fluoroheptanes,
fluorocycloheptanes, fluoromethylcycloheptanes, fluorohex-
anes, fluorocyclohexanes, fluoropentanes, fluorocyclopen-
tanes, fluoromethylcyclopentanes, fluorodimethylcyclopen-
tanes, fluoromethylcyclobutanes,
fluorodimethylcyclobutanes, fluorotrimethylcyclobutanes,
fluorobutanes, fluorocyclobutanse, fluoropropanes, fluoroet-
hers, fluoropolyethers, fluorotributylamines, fluorotriethy-
lamines, perfluorohexanes, pertfluoropentanes, perfluorobu-
tanes, perfluoropropanes, fluorinated silanes, partially
fluorinated silanes or sulfur hexafluoride.

In apreferred embodiment, the perfluorinated hydrocarbon
and silicone composition has a ratio of between about 0.001%
v/v perfluorinated hydrocarbon per ml of silicone up to 80%
v/v perfluorinated hydrocarbon per ml of silicone.

In another preferred embodiment, the membrane barrier
comprises pores of at least about 0.001 pmup to 1 mm in size.

The culture device, apparatus or system is made from at
least one material selected comprising polypropylene, poly-
styrene, vinyl, other plastics, metals, alloys, minerals, non-
metallic minerals, wood, fibers, cloth and glass. The container
is made from at least one material comprising polypropylene,
polystyrene, vinyl, other plastics, metals, alloys, minerals,
non-metallic minerals, wood, fibers, cloth and glass.

In another preferred embodiment, the membrane barrier is
at least about 0.01 puM thick up to about 1 mm thick.

As described herein, the term “fluorocarbon derivative”
means highly fluorinated molecules that can be commonly
referred to as fluorocarbons. Included in the definition of
fluorocarbon derivative are fluorinated compounds or par-
tially fluorinated compounds. Examples include fluorinated
alkyl silanes and partially fluorinated alky silanes. A fluori-
nated silane is any compound containing the backbone silane
structure (Si) with four bonds where one or more ofthe bonds,
typically with hydrogen, is replaced by a fluorine atom or
fluorine containing tail group. Some examples of a fluori-
nated silane include but are not limited to fluorosilane, per-
fluoroalkyl silane, triexthoxy fluorosilane and 1H,1H,2H,2H-
perfluorooctyltriethoxysilane.

The term “fluorosilane” as used herein means any fluori-
nated silane with any potential end groups. One example of a
fluorosilane is triethoxyfluorosilane, which has three methyl
(CH;) groups attached, one fluorocarbon derivative tail (par-
tially fluorinated alkyl) and then the Si backbone.

Other aspects of the invention are described infra.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is pointed out with particularity in the
appended claims. The above and further advantages of this
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6

invention may be better understood by referring to the fol-
lowing description taken in conjunction with the accompany-
ing drawings, in which:

FIG. 1 is a schematic representation illustrating one
embodiment of the apparatus of the invention.

FIGS. 2A-2D are scans of photographs showing: FIG. 2A
are neurospheres cultured in high O, control conditions (48
h). FIG. 2B are neurospheres cultured in PFC/Si dishes, also
at high O, (48 h). These are representative of Control vs.
PFC/Si conditions at both standard and high O, concentra-
tions. Red BrdU staining (indicating proliferation) is shown
in control (FIG. 2C) and PFC/Si-cultured neurospheres (FIG.
2D). DAPI (blue) is a nuclear counter-staining. Scale bars
(upper and lower rows): 500 pm.

FIG. 3 is a graph showing the results of the comparison of
all dish types at 24 hours post manufacture. The figure shows
representative average curves of replicate runs of each group.
No error bars are displayed, but the differences between the
PFC/Silicone platforms vs. the silicone alone and vs. the
polystyrene were highly significant in favor of the PFC/Sili-
cone platforms (P<0.01 vs. the silicone alone and the poly-
styrene for time to half maximal concentration and rate of
reoxygenation slope).

FIG. 4 is a schematic representation of a thin film optical
Spot oxygen sensor.

FIG. 5A-5C show enhanced oxygenation in PFC/Si
devices. FIGS. 5A and 5C are a schematic representation of
the “oxygen sandwich” principle. In standard culture vessels,
atmospheric oxygen can reach the tissue only after diffusion
through the culture medium. In PFC/Si devices, the sample
rests atop a perfluorocarbon-enriched, air permeable silicone
membrane, which provides additional oxygenation. FIG. 5B
is a COMSOL v.3.2 mathematical modeling of oxygen gra-
dients in pancreatic buds immediately after equilibration (day
0) in standard conditions at 21% oxygen (top), standard con-
ditions at 35% oxygen (middle) and PFC/Si devices at 35%
oxygen (bottom). Left, oxygen partial pressure scale (mm
Hg), from blue (minimum) to red (maximum). White repre-
sents areas with <0.1 mm Hg oxygen (anoxia).

FIGS. 6A-6B show PFC/devices induce higher prolifera-
tion rates. FIG. 6A is a graph showing the volume of pancre-
atic buds (m?) after three days of culture in each condition
(standard control, high oxygen control and PFC/Si), showing
a favorable effect of oxygen on cell proliferation. The base-
line represents the average volume of buds immediately after
harvesting (day 0). Error bars: standard error for each group.
FIG. 6B shows in the left column: microphotographs of buds
cultured for 3 days in each condition. Scale bar: 400 pm.
Right column: immunofluorescent analysis of pancreatic
buds (day 3 of culture) with a hypoxyprobe (Chemicon),
which detects areas at <10 mm Hg (hypoxia)(green). Blue,
DAPI nuclear counter-staining. Scale bar: 500 pm.

FIG. 7 is a series of photographs showing PFC/Si-induced
growth is due to replication of undifferentiated epithelial
cells. Confocal immunofiuorescent analysis of pancreatic
buds cultured for three days in PFC/Si devices in the presence
of BrdU (green). Blue, DAPI nuclear counter-staining. Top
row: in red, clockwise from the left: Glucagon (Glu), Insulin
(Ins), Carboxypeptidase A (CPA) and Amylase (Amy). Few
terminally differentiated cells had BrdU co-staining. Bottom
row: BrdU (green), DAPI (blue) and E-cadherin (E-cad) (red)
staining of PFC/Si cultured buds, shown as two-channel com-
binations (microphotographs 1, 2 and 3) and 3-channel com-
bination (microphotograph 4). Most of the cells in the bud are
E-cadherin+ (epithelial). Proliferation occurs preferentially
within the E-cadherin+-undifferentiated population. Scale
bars: 50 um (Glu, Ins, CPA) and 75 pm (Amy, E-cad).
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FIGS. 8A-8C show that culture in PFC/Si platforms pro-
motes endocrine differentiation. FIG. 8A is a graph showing
relative qRT-PCR analysis of pancreatic buds cultured in
standard conditions (closed bars), high oxygen (striated bars)
and PFC/Si devices (grey bars). Values are represented as
x-fold increase over the control (=1). Error bars: standard
error (7 independent experiments). All values were normal-
ized against 18S RNA (see Methods). FIG. 8B is a graph
showing Metamorph® analysis of insulin (left) and glucagon
(right) signal in immunostained buds cultured in standard
(closed bars), high oxygen (striated bars) and PFC/Si (grey
bars) settings. Y axis: x-fold increase over standard control
(=1). Error bars: standard error (5 independent experiments).
FIG. 8C shows confocal microphotographs of representative
sections from e13.5 buds cultured for three days in standard
conditions (left), high oxygen (middle) and PFC/Si platforms
(right). Insulin (Ins)-positive cells are stained in red and glu-
cagon (Glu)-positive cells in green. Blue: DAPI nuclear
counter-staining A white dotted line has been added to high-
light the contour of the samples. Scale bar: 100 pm.

FIGS. 9A-9B are graphs showing insulin content and gene
expression profiles of PFC/Si-cultured e13.5 buds approxi-
mate that of e16.5 buds. FIG. 9A shows total insulin content
in each group (standard control, high oxygen control and
PFC/Si), represented as the proportion of that found in dorsal
pancreatic buds obtained from e16.5 embryos (=1). Error
bars: standard error for each group (n=4). F1G. 9B shows gene
expression profile of PFC/Si-cultured e13.5 buds, expressed
as a percentage of that of freshly isolated €16.5 buds. A dotted
line highlights 100% of e16.5 expression. Error bars: stan-
dard error for each group (n=4 independent harvests fore16.5
and 7 independent experiments for PFC/Si).

FIGS. 10A-10B are graphs showing PFC/Si induces pret-
erential endocrine over exocrine and 3 cell over a cell differ-
entiation. Ratiometric analysis of gene expression in the PFC/
Si group compared to e16.5 buds (striated boxes) as well as
standard (grey boxes) and high oxygen (closed boxes) con-
trols. Values are represented as x-fold increase of the net ratio
for each pair of genes in the PFC/Si group over that of the
other three groups. FIG. 10A shows endocrine-to-exocrine
ratiometric analysis: Ins1/Amy (Insulin 1 to amylase); Ins1/
p48 (Insulin 1 to P48); and Ins1/CPA (Insulin 1 to Carbox-
ypeptidase A). The same ratios were calculated for Insulin 2
(Ins2). FIG. 10B shows f-to-a cell ratiometric analysis:
Pax4/Arx; Ins1/Glu (Insulin 1 to Glucagon); Ins2/Glu (Insu-
lin 2 to Glucagon); and Pax4/Pax6. Error bars: standard error
for each group.

FIG. 11 is a schematic representation of a hypothetical
model to explain the role of O, in pancreatic development.
According to the hypothesis hypoxic conditions present in the
pancreas prior to the initiation of blood flow would favor the
HIF-1o-mediated activation of Notch in endocrine progeni-
tor cells, promoting their self-renewal but largely preventing
their differentiation. HIF-1a stabilization in hypoxic condi-
tions also induces VEGF-mediated angiogenesis, which will
eventually lead to the initiation of blood flow at around e13.5.
Enhanced oxygenation of pancreatic tissues at that point will
destabilize HIF-1q, resulting in Notch down-regulation and
differentiation of endocrine cell types. Exocrine progenitor
cells, in contrast, may react to higher O, levels by activating
the Wnt/p-catenin pathway via NRX sequestration by ROS.
This would promote their expansion throughout the rest of
embryonic development.

FIG. 12 illustrates an embodiment of a PFC/PDMS-based
device. (A) Diagram of the oxygen flow in standard (top) and
PFC (bottom) culture systems. Typical culture dishes exhibit
aunidirectional flow of air from the top, whereas PFC/PDMS
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membrane-based devices allow for bi-directional oxygen-
ation both from the top and the bottom, through a gas-perme-
able, liquid impermeable membrane. (B) Diagram showing
the design of the 35 mm PFC/PDMS culture dish. Inner and
outer rings are held together by an interference fit. Once
assembled, three feet elevate the dish off the surface to allow
for bottom-up aeration through the PFC/PDMS membrane.
(C) Photograph of a resin-based rapid PFC/PDMS dish pro-
totype.

FIG. 13 shows theoretical oxygen diffusion modeling. (A)
Retrospective analysis (n=184) of the size distribution pattern
in islet preparations. The largest percentage of islets (77%
pre-Ficoll and 80% layer 1 post-purification) is in the 100-
300 um range, with a majority of them measuring between
150 and 200 um. The latter figure was used for all subsequent
finite element modeling calculations. (B) Theoretical model-
ing of all four groups: C atm (control dishes, atmospheric
21% [O,]), PFC atm (PFC/PDMS dishes, atmospheric 21%
[O,]), C low (control dishes, 12.5% [O,]) and PFC low (PFC/
PDMS dishes, 12.5% [O,]). Islet sizes modeled are indicated
in the top row (100-300 pm, in 50 um increments). The color
scale indicates pO, levels from 0.1 mm Hg (deep blue) to 142
mm Hg (deep red). (C) Distribution of regions (anoxic,
hypoxic, physiological and hyperoxic; see definitions in main
text) in each one of the four groups. The “PFC low” group
[PFC/PDMS dishes at 95 mm Hg (12.5%), bottom right]
exhibits the largest tissue volume percentage at physiological
levels (74.5%) as well as the lowest percentages of hyperoxic
and anoxic tissue volume (0 and 1.2%, respectively).

FIG. 14 demonstrates that human isolated islets exhibit
higher viability and function when cultured at physiological
pO, in PFC/PDMS dishes. (A) Overnight islet loss (-fold vs.
control). C atm: Regular culture dishes, 21% (atmospheric)
[O,]; C low: Regular culture dishes, low [O,]. The latter
percentage was adjusted within the 8-12.5% range based on
the OCR of each individual preparation in order to target the
maximal volume percentage at physiological pO, within the
tissue; PFC atm: PFC/PDMS dishes, 21% (atmospheric)
[O,]; PFC low: PFC/PDMS dishes, low [O,] (see range
above). n=8 independent human islet preparations. The dif-
ference in viability between C atm (regular conditions) and
PFC low (maximal tissue volume at physiological pO,) is
statistically significant (P<0.01). (B) Oxygen consumption
rate (OCR) index (-fold vs. control). Groups are as above. n=8
independent human islet preparations. The difference in OCR
between C atm (regular conditions) and PFC low (maximal
tissue volume at physiological pO,) is statistically significant
(P<0.01). (C) Glucose stimulated insulin release (Delta
GSIR). Groups are as above. n=5 independent human islet
preparations. The difference in Delta between C atm (regular
conditions) and PFC low (maximal tissue volume at physi-
ological pO,) had a P=0.05. Error bars: Standard deviation
(SD).

FIG. 15 demonstrates that human isolated islets exhibit
higher viability and function when cultured at physiological
pO, in PFC/PDMS dishes. (A) In vivo test of function of
human islet preparations cultured in either PFC/PDMS-low
oxygen (PFC group) or regular conditions atmospheric [O,]
(control group). Kaplan-Meier analyses of the gain of nor-
moglycemia vs. time after transplantation of a marginal mass
of islets into stz-treated, diabetic mice, are shown for the
experiments using poor islet preparations (top) and those
using good ones (bottom). (B) Poor islet preparations cannot
be rescued by optimized oxygenation conditions. A Tag-
man® Low Density Array (TLDA) qRT-PCR analysis of a
panel of genes involved in apoptosis is presented to exemplify
the differences between a good preparation (HP 1915) and a
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bad one (HP 1927). In the latter, culture in PFC/PDMS dishes
and low oxygen prevents the up-regulation of pro-apoptotic
genes observed when placing an aliquot of the same prepa-
ration in control conditions (regular dishes, atmospheric
[O,]). In contrast, HP1927, a bad preparation with marginal
GSIR readings, showed no difference in apoptosis between
regular and oxygen-optimized conditions. This suggests that
islets may have had a substantial degree of apoptosis before
the placement in the two culture conditions, which culture in
the optimized one could not revert.

DETAILED DESCRIPTION

An apparatus provides enhanced delivery of oxygen to
cells in static culture platforms providing oxygen diffusion on
both sides of the culture vessel, top and bottom.

The present tissue culture apparatus/system/device is supe-
rior to any typical systems by providing increased oxygen
supplies to cells. In typical systems, increased requirements
for oxygen are accommodated by mechanical stirring meth-
ods and the sparging of gases into the culture. However, both
stirring and the sparging of gases canresult in damaging cells,
thereby decreasing the viability of the culture and the overall
efficiency and productivity of the cell and/or tissue culture.
Further, direct sparging of cell and tissue cultures with gas
can lead to foam production which, is also detrimental to cell
viability. On the other hand, just increasing the concentration
of oxygen in the incubator has proven insufficient due to the
generation of sharp oxygen gradients throughout the sample.
The present invention further allows for high density tissue
culturing of cells.

Varying levels of oxygen in cultured embryonic stem cells,
for instance, determine whether they will proliferate or dif-
ferentiate. A clear relation between oxygenation and differ-
entiation has also been observed in endothelial and mesen-
chymal stem cells. In another in vitro system, we have shown
that pancreatic beta cell differentiation in vitro is greatly
enhanced by oxygen. This is consistent with the observation
that the second and most significant wave of beta cell speci-
fication during embryonic development (secondary transi-
tion) is concurrent with the initiation of blood flow within the
pancreatic buds.

In a preferred embodiment, a tissue culture apparatus pro-
vides enhanced delivery of oxygen to cells or tissues being
cultured. The apparatus or system is superior to conventional
culturing systems by providing oxygen diffusion through
both sides of the culture vessel, top and bottom. In typical
culture vessels, made of stable, relatively gas impermeable
plastics such as polystyrene or polypropylene, cells rest upon
the bottom plastic surface and are covered by a given medium
depth to allow for adequate oxygenation from air above the
medium layer. These types of systems are far from ideal in
that the cell/media layer rapidly forms sharp oxygen gradi-
ents depending on the seeding density and the oxygen con-
sumption rate of the cultured tissue. This leads to the devel-
opment of anoxic core regions in cultured cells when they are
of'a diameter greater than approximately 400 micrometers or
when they are cultured in seeding densities that exceed 1-3%
of'the culture flask surface area. The result is an increased cost
and inefficiency in culturing large quantities of cells, not to
mention the increased risk of contamination due to the
manipulation of numerous culture vessels. Also, the effect on
cell functionality, viability and differentiation, particularly in
cells with significant metabolic activity, such as Islets of
Langerhans, is significantly negative.

The tissue culturing apparatus of the invention comprises
culture platforms where the bottom surface comprises a thin
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film silicone layer containing a 10-20% v/v perfluorocarbon
or fluorocarbon derivative micellar suspension. In preferred
embodiments, the perfluorocarbon micellar suspension
ranges from about 0.001% up to 80% v/v, perfluorocarbon or
fluorocarbon derivative to silicone. Both silicone and perfluo-
rocarbon have solubility and diffusivities/permeabilities for
oxygen which are far greater than either culture medium or
plastics. By placing the cells on a highly oxygenated and
permeable layer, the tissue cultured is effectively sandwiched
by oxygen eliminating the top to bottom gradients present in
conventional culture conditions. In this case, the area of low-
est oxygenation becomes the middle region of the cell layer
rather than the bottom area of the dish, and with modifications
in oxygen concentration, this region can be controlled to
prevent anoxia.

The apparatus or system is superior to similar culture plat-
forms where the bottom surface comprises a thin silicone
layer without perfluorocarbon or fluorocarbon derivative. The
advantages of PFC/Si over silicone alone in terms of O,
diffusion were confirmed by direct measurements using non-
invasive optical O, biosensors (See the oxygen transfer stud-
ies in the Examples section which follows.). Endocrine dif-
ferentiation outcomes were also superior in a mouse model of
pancreatic development (See the Examples which follow:
enhanced oxygenation promotes beta cell differentiation in
Vitro).

The dimensions of the culture wells or inserts have variable
dimensions depending on the desired culturing of tissue sec-
tions or cells. For example, if a 24-well type culturing is
desired then the wells would have a dimension corresponding
to typical 24-well plates.

In another example, is a 96-well plate architecture that
exemplifies the general configuration of the current industry-
standard format. Its overall height, width, and length are
standardized at about 0.560, 3.365, and 5.030 inches, respec-
tively. The plate includes a surrounding skirt, a top surface
and an array of wells arranged in twelve rows of eight wells
each, to provide 96 identical wells in the plate. For example,
the standard micro-titer plates (96 well) bottom surface area is
0.32 cm?. This would translate to a radius of 0.32 cm and the
membrane thickness would still be in the micrometer range,
e.g. 50-600 pm). The top surface extends between the skirt
and the periphery of the wells on the outside of the 96 well
matrix. The plates typically are molded of plastics and are
provided with transparent covers with drop rings to control
water loss by evaporation, while allowing gas exchange and
maintaining sterility.

Standardization of the 96-well format has led to the devel-
opment of a substantial variety of equipment to perform lig-
uid transfers to and from the well chambers, to transmit light
through the wells, to read colorimetric or fluorescent changes,
or chemiluminescence in individual wells, and many other
functions. The liquid transferring equipment is either manu-
ally or robotically operated, and much of the equipment used
to study the contents of wells is automated and instrumented
to record, analyze and manipulate the data. The present inven-
tion provides automation-friendly vessels and either a single
reservoir or a multi-well base plate that is compatible with the
auxiliary equipment designed for the 96- or 384-well format
in all aspects.

In another example, the wells or tissue culture inserts have
an inner diameter of 1 cm and are about 1 cm in height,
holding a maximal volume ofabout 785 pL.. The culture insert
bottoms comprise a highly permeable silicone matrix impreg-
nated with perfluorocarbon in a given volume/volume per-
centage. This combination provides an oXygen reservoir on
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the basal surface, with no barrier of medium between the cells
and the air, as the bottom surface would be impermeable to
liquid.

Turning to a general description of the culture apparatus as
shown as a schematic illustration in FIG. 1. Reference to the
figures is by way of examples and they are by no way limiting
the scope of the present invention. The tissue culture well or
insert 110 comprises a gas-permeable barrier 111 which pro-
vides enhanced delivery of oxygen to cells being cultured
112. The tissue culture well (inserts) further comprises at
least two or more members 113 attached to the bottom of the
insert which elevate the tissue culture well/insert above the
tray 114. The elevating members 113, elevate the tissue cul-
ture well/insert 110 about 1 mm to about3 mm above the tray.
The tray comprises a lid 115, typically used in tissue culture
to allow for the exchange of gases. The plates typically are
molded of plastics and are provided with transparent covers
with drop rings to control water loss by evaporation, while
allowing gas exchange and maintaining sterility.

The inserts/tissue culture wells can be manufactured singly
for use in for example, conventional tissue culture plates,
wherein the tray 114 would be the tissue culture plate. Alter-
natively, the tissue culture wells/inserts can be manufactured
as part of a tissue culture plate, such as for example a 24-well
plate, 12 well plate, 6-well plate and the like. Cells cultured in
the apparatus of the invention can be incubated in regular
tissue culture incubators. The O, content of the incubator
would vary depending on the optimum growth needs of the
cell type.

The air useful for the present invention can be any suitable
mixture of gases suitable for any cell growth including but not
limited to air. In one embodiment, the volume/volume of
perfluorocarbon and silicone is varied to modulate the deliv-
ery of oxygen as may be desired. Further, the culture appara-
tus can be incubated in varying percentages of CO,, CO, NO,
O3, H,S or any other gas composition deemed appropriate for
cell growth, viability or differentiation. For example, incuba-
tors with about 1% to 100% O,, and/or hyperbaric chambers.

The lid or closing means of the tray can be of any shape or
form including but not limited to a screw cap or a snap cap.
The lid/closing means is dimensioned to fit the tray. Further,
the closing means can be constructed from any material
including but not limited to plastic. In a preferred embodi-
ment, the closing means may contain an air filter such that the
air filter does not allow the passage of microorganisms, cells,
viruses or any contaminants into or out from the cell-cultivat-
ing device. Sterilizing air filters are known in the art and are
commercially available, for example, from Millipore, Mass.

In another preferred embodiment, the apparatus and the
cell/tissue culturing wells can be configured to the needs of
the user. For example, in one embodiment, the assembly is
configured in a typical tissue culture plate. Other configura-
tions include 6-well plates, 12-well plates, 24-well plates,
96-well plates and the like. Other configurations include tis-
sue culture flasks, containers for transporting of organs, espe-
cially those organs for use in organ transplantation, roller
bottles for culturing large volumes of cells, bags and the like.

PFC Silicone Bags: PFC/Silicone mixture is injected under
high pressure into a stainless steel mold (manufactured prior
by CNC machining) which is the inverse of the desired object,
in this case a bag. The mold comprises a solid inner portion of
the bag, a thin channel for injection of the material to the
desired membrane thickness and a final outer block which
will serve to hold the material at the desired thickness during
the curing process. The mold is generally made of two pieces,
the core and the cavity, which allows for the part to be
extracted after injection molding. Once the mixture has

10

15

20

25

30

35

40

45

50

55

60

65

12

cured, it can be removed from the mold by a series of pins
integrated into the mold prior to manufacture, or by air ejec-
tion through channels cut into the mold. PFC Silicone bags
could be made to any desired thickness utilizing this tech-
nique.

PFC/Silicone Prototypes Compression Molding: In one
example, a mold cavity was manufactured from a stainless
steel block with a circular channel 8 mm deep and with a
thickness of 6 mm. Air injection ports were drilled along the
side of the channel to allow for mold removal. This was
placed within the vise locks of a compression molder and
locked flush with the main surface of the molding machine.
On top of the cavity and on the surface of the compression
molding machine, the PFC/Silicone mixture was poured in
excess, and 300 micrometer stainless steel shims were placed
along the sides of the apical molding surface (hydraulic com-
pression surface). The top surface, which is simply a large
stainless steel surface about 24"x24" was compressed down
to the level of the shims and the material was allowed to cure
for three hours at 37° C. At the end of the three hour period,
the compressor was released, the apical surface raised and air
was injected into the ports releasing a solid silicone dish with
a 300 micrometer bottom membrane.

In a preferred embodiment, the apparatus comprises 96
wells and is the same size as those typically used for assays.

In another preferred embodiment, the tissue culture wells
can comprise a separable insert wherein the one piece of the
well comprises the membrane barrier, similar to the transwell
architecture. For example, the portion of the tissue culture
well used to support the growth of cells which comprises the
PFC/Si membrane, is detachably secured to the portion of the
device used to suspend the membrane within a well contain-
ing growth medium. This arrangement affords easy manipu-
lation of the cultured cells.

In this configuration, the tissue culture device comprises a
two-piece transwell which has two components, a cell reten-
tion element and a hanger for suspending the cell retention
element within a well. The retention element is detachably
secured to the bottom portion of the hanger. The cell retention
element includes the PFC/Si membrane surface. The hanger
is constructed and arranged such that it may be suspended
from the periphery of the well, with a bottom portion of the
hanger extending into the well. When the hanger is suspended
from the periphery of the well, the retention element is sus-
pended horizontally within the well.

In another preferred embodiment, the retention element
comprises protruding or elevating members.

In one embodiment, the retention element is secured to the
bottom of the hanger by a friction fit. In another embodiment,
the retention element is secured to the bottom of the hanger by
a friction fit but in an inverted orientation compared to that of
the first embodiment. In yet another embodiment, the reten-
tion element is hung from the hanger.

The hanger preferably includes an outwardly extending
flange which is stepped so that it may hang upon the upper end
of' a well in a tissue culture cluster dish. The stepped flange
prevents the hanger from shifting laterally within the well,
thereby keeping the side wall of the hanger spaced from the
side wall of the well so as to prevent capillary action of fluid
between the side wall. Capillary action is further prevented in
one embodiment by the use of a funnel-shaped hanger which
further removes the side wall of the hanger from the side wall
of'the well. The flange is discontinuous to provide an opening
which allows a pipette to be inserted into the space between
the hanger and the side wall of the well to provide access to
the medium within the well.
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The retention element preferably has a side wall defining
an interior and a peripheral lip extending from the side wall.
A membrane is attached to the bottom surface of the side wall
forming a tissue or cell growth support. The peripheral lip
permits easy manipulation of the retention element, as well as
providing structure which permits the use of the retention
element.

The assembly can contain one or more PFC/Si membranes
and media chambers. For example, one below, one between
and one above the membranes. This allows cells to be grown
on the membranes for transport studies and the study of cell to
cell interaction.

Still another aspect of the invention is a cluster dish having
a plurality of wells containing the tissue culture device as
described above.

It is an object of this invention to provide a tissue or cell
culture device capable of being placed in a cluster dish such
that nutrients are provided to tissues or cells while allowing
access to the wells in the cluster dish for the addition or
removal of media.

The three-dimensional culture system of the invention can
be used in a variety of applications. These include but are not
limited to cell and tissue culture, stem cell expansion and
differentiation, assays, screening cytotoxic compounds, aller-
gens, growth/regulatory factors, pharmaceutical compounds,
etc., in vitro; elucidating the mechanism of certain diseases;
studying the mechanism by which drugs and/or growth fac-
tors operate; diagnosing and monitoring cancer in a patient;
gene therapy; and the production of biologically active prod-
ucts, to name but a few.

The cells of the present invention are preferably eukaryotic
cells. In a preferred embodiment, the cells are animal cells,
mammalian cells, preferably human cells. The cells can be
any type of recombinant or non-recombinant eukaryotic cell,
including, for example, insect cells, e.g. S{-9; primate cells,
e.g., Vero; mouse, e.g., BHK or C-127; hamster, e.g., CHO;
human, e.g., tumor, transformed, non-transformed, epithelial,
endothelial, osteoblasts, embryonic or mesenchymal stem
cells. Any cells can be grown in the cell-cultivating device in
accordance with the present invention. In particular, cells of
choice for the present invention can be anchorage-dependent
or anchorage-independent. Anchorage-dependent cells
require a surface on which to grow whereas anchorage-inde-
pendent cells can grow in liquid suspension.

In another preferred embodiment, the system/apparatus is
used to culture stem/progenitor cells for the efficient differ-
entiation of these cells. The efficient and enhanced delivery of
O, to the stem cells results in enhanced differentiation levels
of these cells.

In yet another embodiment, the present invention provides
a cell-cultivating apparatus for growing three-dimensional
tissue cultures. Culturing tissue for transplantation requires
several conditions to be met before the tissue receives Food
and Drug Administration (FDA) approval. Those FDA
requirements, include, but are not limited to, functionality
that ameliorates the disease consistency and reproducibility
for growth of tissue construct; and proven sterility. To achieve
in vivo functionality, engineered tissue constructs must be
three-dimensional. Data from the aseptic monitoring of the
growing construct can be used to validate sterility and estab-
lish specifications.

Transplantable tissue has three key features: 1) an extra
cellular matrix for mechanical stability and scaffolding, 2)
cell-to-cell contact to maintain viability and function and 3) a
three-dimensional shape to segregate cell subpopulations for
growth and proliferation. Standard tissue culture approaches
(e.g.; t-flasks, petri dishes, roller bottles and stirred roller
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bottles) have consistently failed to yield transplantable tissue
that directly supplants organ function.

Polymer formulations containing perfluorinated com-
pounds are disclosed in U.S. Pat. No. 6,630,154 which is
incorporated herein in its entirety.

Oxygen metabolism is essential for metabolic function of
eukaryotic cells Particularly, with mammalian and animal
cell culturing techniques, oxygen flux is important during the
early stages of rapid cell division. Some mammalian and
animal cells are anchorage-dependent, requiring a surface to
grow, whereas other mammalian and animal cells are anchor-
age independent and can be grown in liquid environments
regardless of the types of cells. However, these cells all
require dissolved oxygen in the medium. Nevertheless, dur-
ing the later phases of cell culture with both anchorage-
dependent and independent cells, as the number of cells per
unit volume increases, the bulk oxygen mass transfer require-
ments increases.

Traditionally, at least with anchorage-independent cells,
increased requirements for oxygen are accommodated by
mechanical stirring methods and the sparging of gases into
the culture. However, both stirring and the sparging of gases
can result in damaging cells, thereby decreasing the viability
of'the culture and the overall efficiency and productivity of the
cell and/or tissue culture. Further, direct sparging of cell and
tissue cultures with gas can lead to foam production, which is
also detrimental to cell viability.

The present invention overcomes these deficiencies by
enhanced oxygen delivery.

As an illustrative example which is not meant to limit or
construe the invention in any way, the following is provided.
Stainless steel forms were manufactured by BioRep, Inc. of
Miami, Fla. with the following specifications: 8.5 cm inner
diameter with a beveled groove along the bottom ridge about
300 microns from the bottom edge to allow for the silicone to
cure in place and hold fast. These forms were fit within an
outer ring, also made of stainless steel, with three feet along
the outside edge, to allow for gas exchange along the bottom
surface when placed in an incubator, the feet keeping the
bottom surface elevated above the stainless steel shelves of
the culture incubator. Another device was manufactured
using Millipore CM culture inserts, removing the liquid per-
meable Teflon bottoms and replacing them with poured sili-
cone/PFC. However, any geometric culture form could effec-
tively be manufactured. The PFC/Silicone was made in the
following fashion: Dow Corning RTV-615A electrical sili-
cone was weighed (density 1.1 g/mL) to achieve a specific
volume. To that, FC43 (3M corporation) was added and
weighed (1.9 g/mL) such that the volume added was 10%-
20% that of the silicone and catalyst to be added later at a
volume percentage ratio of 10 parts silicone to 1 part catalyst.
The ice-slurry cooled PFC-silicone mixture in a 50 mL coni-
cal was then sonicated using a probe sonicator at twenty
second pulse intervals, starting at the bottom of the conical
and gradually moving the sonicator up towards the top of the
conical to homogenously disperse the PFC throughout. Five
minute cooling intervals were implemented after every
minute of sonication. What occurs is the formation of a white
opaque mixture. The sonication continues until there is no
longer evidence of phase separation between the PFC and the
silicone and until the dispersion is visibly uniform. At this
point, the mixture is vortexed for 1 minute to further homog-
enize and then is placed in a glass vacuum desiccation cham-
ber for degassing. Degassing is done by vacuum removing air
bubbles from the silicone mixture, breaking the vacuum every
five to ten minutes to pop bubble. When there are no longer
any visible bubble the mixture is removed from the degassing
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chamber and the catalyst is added by adding 10% volume to
the mixture. The catalyst is much less viscous than the poly-
mer suspension and thus, by inverting the tube carefully for
several minutes, the catalyst is well dispersed throughout the
silicone mixture. At this point, the open bottom areas of the
forms are covered with a taut even surface of Parafilm. Then,
using a plunger dispensing pipettor, which prevents adhesion
of the silicone along the inside of the pipette tips, a given
volume of the silicone/PFC mixture is added to the parafilm
layer to obtain the desired membrane thickness. For example,
in an 8.5 cm dish a membrane thickness of 300 micrometers
is used, so, the volume added would be mr” h, or 0.03%(r)*
(4.25)* or 1.7 mL. This volume is then spread evenly across
the surface by rotating the dish and allowing the silicone to
spread across and entirely cover the Parafilm. Then, the dish
is allowed to stand which further distributes the silicone mix-
ture evenly as it settles along the surface. Once this is com-
pleted, the entire dish is placed in a 45° C. incubator or oven
to cure overnight. Curing occurs within 6 hours, but to assure
complete curing, the plates were cured for about 18 hours
before utilizing the devices. Once cured, the devices can be
autoclaved to insure sterility before using in cell culture,
although with the smaller inserts, the plates were soaked in
70% ethanol for several hours before use.

Alternative methods of forming the cell and tissue culture
apparatuses described herein may be used. For example, one
method that is economical with the material usage involves
individual dispensing of a precise volume of the PDMS/
fluorinated silane derivative into each dish/flask frame to
obtain the desired specific membrane thickness (Volume
added/surface area of dish=membrane height or thickness).
The combination of frame and matrix is then processed on a
vibratory table, which spreads the matrix to a uniform thick-
ness across the basal surface of the frame. The whole unit is
then heat cured. This produces the end product with the mem-
brane in place and with minimal material loss.

The following examples are oftered by way of illustration,
not by way of limitation. While specific examples have been
provided, the above description is illustrative and not restric-
tive. Any one or more of the features of the previously
described embodiments can be combined in any manner with
one or more features of any other embodiments in the present
invention. Furthermore, many variations of the invention will
become apparent to those skilled in the art upon review of the
specification.

All publications and patent documents cited in this appli-
cation are incorporated by reference in pertinent part for all
purposes to the same extent as if each individual publication
or patent document were so individually denoted. By their
citation of various references in this document, Applicants do
not admit any particular reference is “prior art” to their inven-
tion.

EXAMPLES
Example 1

Perfluorinated Silicone High Oxygen Cell Culture
Platforms

Culture insert bottoms were modified with a highly perme-
able silicone matrix impregnated with perfluorocarbon in a
given volume/volume percentage. This combination provides
an oxygen reservoir on the basal surface, with no barrier of
medium between the cells and the air, as the bottom surface
would be impermeable to liquid.
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Biomedical/Electrical grade RTV silicone (RTV-615A)
and the corresponding vulcanization catalyst (RTV-615B),
both with a density of 1.1 g/cm’, were purchased from Dow
Corning Chemical. This silicone was chosen for its known
biocompatibility characteristics, high oxygen solubility and
high shore durometer. Since the membrane thickness greatly
affects the oxygen transfer properties of the membrane, we
desired the thinnest possible membrane with minimal poten-
tial for breakage.

Perfluorotributylamine (PFC), FC-43, with a density of 1.9
g/cm’® was purchased from 3M corporation. Although other
perfluorinated hydrocarbons have higher oxygen solubilities,
FC-43 was chosen more for its chemical stability and non-
reactive properties (high boiling point, low vaporization pres-
sure), making it more amenable to mixing into the silicone.

Silicone was weighed out in a sterile 50 mL conical tube
utilizing the density to obtain a given volume of silicone. For
example, when 10 mL of silicone was desired, 11 g of silicone
was added to the 50 mL conical (10x1.1 g/cm?). To the
silicone, a given fraction of FC-43 was added (10% or 20%
v/v) in the same fashion. For example, to obtain a 10% v/v
PFC concentration in the above 10 mL of silicone, 1.9 g of
FC-43 would be added.

Due to the extreme density of perfluorocarbon compounds,
they are virtually immiscible with all less dense compounds.
When admixed to another component, they immediately form
atwo-layer system with the other substance. In order to obtain
a homogenous suspension of the PFC within other liquids or
less dense components, either sonication or high pressure
emulsification is required. The end result of these processes is
a particle suspension of perfluorocarbon micelles of
micrometer to nanometer dimensions. However, with time,
the micelles often begin to coalesce into larger droplets, a
phenomena known as Oswaldt ripening. This is only charac-
teristic of emulsions in non-viscous liquids, and in our previ-
ous experience with gelated polymer solutions, was not
observed. The advantage of using semi-solid hydrogels or
compounds such as silicone, is that they have the ability to
entrap the PFC droplets within their matrices preventing or
greatly reducing droplet coalescence.

The bi-layer PFC/Silicone mixtures were sonicated using a
Virsonic 200 probe sonicator for 20 second pulses, with one
minute cooling intervals in between, for a total sonication
time of three minutes at 40 W. The mixture was continuously
cooled in an ice slurry bath. The end result of sonication was
a white, opaque and homogenous mixture. Once sonicated,
no further phase separation of the FC-43 and the silicone was
observed. At this point, a 10% v/v aliquot of the vulcanization
catalyst was added to the mixture and vortexed within the
suspension to obtain a homogenous distribution.

Next, the entire mixture was placed in a vacuum chamber
to extract all gas bubbles from the mixture. As bubbles were
drawn to the surface, the vacuum was regularly broken to
cause the bubbles to burst. The entire degassing took approxi-
mately 45 minutes. The end result was a smooth, opaque
suspension free of gas pockets that would otherwise affect the
integrity of the silicone.

The Teflon membranes were then removed from the bot-
tom surface of the Millipore CM inserts using sterile micro-
surgical forceps. Parafilm was carefully placed along the
entire bottom surface. The parafilm was pulled taut over the
feet of the dish and secured around the outer edge of each
insert to insure a flat, rigid bottom for the silicone to cure
upon.

After the Parafilm was secured, a given volume of the
silicone/PFC mixture was added to the bottom surface using
a special plunger pipettor designed particularly for precision
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pipetting of viscous liquids. Specific volumes were added to
obtain precise membrane thicknesses. Utilizing the known
dimensions of the inserts, a desired thickness was calculated
using the formula for the volume of a cylinder, nR? h. It was
desired to make the membranes as thin as possible and have
minimal chance of membrane failure. For these reasons, a
variety of membrane depths were tested. The depth of 300 pm
was used to provide diffusion optimization and membrane
integrity. Therefore, the volume of silicone/PFC added to
each dish bottom was (0.5 cm)**(0.03 cm) or 23.5 uL.

Upon the addition of the silicone/PFC mixture, the dishes
were slowly rotated on a modified tube rotator to evenly
distribute the solution along the entire Parafilm surface. At
room temperature, the silicone curing is relatively slow,
allowing for further settling of the solution once the dishes
were placed upright. What was observed was that the silicone
after some manual manipulation/rotation distributed further
and more evenly when placed on a flat surface. Once a
homogenous distribution was observed, the inserts were
placed into a 40° C. oven and allowed to fully cure, which
occurred within 2-3 hours.

After the silicone had completely cured, the inserts were
removed from the oven and allowed to cool. Then, the Para-
film base was carefully removed, so as to not tear the silicone/
PFC membrane, leaving an intact, gas permeable bottom
capable of holding the liquid and tissue. Before use, the
inserts were sterilized by soaking overnight in 70% ethanol
followed by 30 minutes in 100% ethanol. Immediately before
adding the harvested tissue, they were washed with sterile
PBS five times to completely remove all of the ethanol, and
then were allowed to dry on a sterile half-sheet in a laminar
hood

Example 2
Mathematical Modeling
Pancreatic buds were harvested and carefully measured

using a graded reticule in an inverted microscope. Table 1
outlines the measurements of 18 pancreatic buds.

TABLE 1
pm Hm
AVERAGE DIMENSIONS width length
1 375 525
2 500 525
3 500 625
4 550 625
5 375 500
6 525 512.5
7 525 550
8 437.5 750
9 250 625
10 500 500
11 375 675
12 625 750
13 375 750
14 375 800
15 437.5 750
16 625 750
17 375 750
18 375 800
average 450.0 653.5 551.7
stdev 99.9 111.8 105.8
cv 22.20 17.11% 19.65%

Mathematical modeling was performed using an ellipse
with the above dimensions for all conditions assuming the
third dimension was uniform along the entire bud. Oxygen
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consumption rate of the buds determined through the use of a
stirred microliter chamber system from Instech, Inc. Briefly,
three buds were placed in a chamber containing 400 pL. of
conventional culture medium without bicarbonate. The
chamber was precalibrated to room air oxygen concentrations
in medium and zero, using NaSO,_ suspended in distilled
water. At all times the temperature was maintained within the
system at 37.5° C.20.05° C. by means of a water bath titanium
chamber. After the cells and medium were added to the cham-
ber, it was sealed by means of a beveled glass cap which
extruded air bubbles and excess medium through a side port
and brought the final volume to 250 L. The spectroscopic
software monitored and recorded oxygen partial pressure
every second throughout the duration of measurement. Oxy-
gen profiles were analyzed from partial pressures below 140
mmHg, when the system had stabilized thermally, to a point
of'adequate linearity, usually around 70-80 mmHg.

The slope was converted from mmHg to uM through the
use of a conversion factor (210/158.8). Next, the converted
slope in UM was converted to micromols of oxygen consumed
by multiplying by the chamber volume. This value was
divided by 60 to convert per minute consumption to per
second consumption, and then finally, the whole amount was
divided by the volume of all the buds utilized, in m* of tissue,
to get a final consumption rate in mol/m>-s™'. This was per-
formed on every individual batch of buds that were harvested
and what was observed was that the consumption rate was
very consistent irrespective of the harvest. Table 2 shows the
individual consumption rates and the average utilized in the

mathematical modeling.
TABLE 2
BUD OCRs Mol/m3 s
experiment 2 OCR
1 8.35E-03
2 9.68E-03
experiment 3
1 8.57E-03
2 7.97E-03
experiment 4
1 9.53E-03
mean 8.82E-03
stdev 7.49E-04
cv 8.50%

Culture conditions were modeled using Comsol Mult-
iphysics 3.2 Finite Element Modeling software. Conventional
culture conditions were modeled with the following param-
eters. Initial oxygen concentration was assumed to be 0.1995
mol/m? based on conventional 95% RA/5% CO, culture con-
ditions. The diffusivity of oxygen through the medium was
taken to be that of oxygen through water at 37° C., 3.3 E-09
m?/s. The diffusivity of oxygen through the tissue was also
taken from the average of values reported in the literature, 1.3
E-09 m?/s. The oxygen consumption rate was assumed to be
first order with a Km value of 5.81 E-04 mol/m?, also based on
literature values for endocrine oxygen consumption and was
modeled as Rm*(c/(c+Km)), based on Michaelis-Menten
kinetics. The Rm value utilized was the average value shown
above in the table of 8.82 E-03 mol/m® of tissue. The bound-
ary conditions utilized were initial concentration along the
top surface of the culture medium of a height of 2.65 mm and
3.15 mm in the PFC silicone dishes, and either oxygen con-
centration with a diffusion coefficient in medium on the bot-
tom surface of the dish, or enhanced oxygen effective diffu-
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sion in the case of the pfc/silicone dishes. Culture was
modeled with two and three buds in a dish, clustered together,
as was observed, and kept separated. Oxygen profiles were
determined across the dimensional distances for each bud.
Anoxic tissue percentage was calculated as tissue where the
oxygen concentration at equilibrium was less than the Km
value, 5.81 E-04 mol/m® of the oxygen consumption rate,
again taken from literature assumptions. Table 3 summarizes
the anoxic tissue calculations for all culture conditions,
assuming either two buds or three buds per 1 cm dish.

TABLE 3

CULTURE CONDITIONS ANOXIC % O, minimum

59%
30%
0%
33%
11%
0%
68%
41%
0%
43%
24%
0%

2 buds apposing conventional
2 buds apposing high oxygen
2 buds apposing pfc silicone
2 buds separated conventional
2 buds separated high oxygen
2 buds separated pfc silicone
3 buds apposing conventional
3 buds apposing high oxygen
3 buds apposing pfc silicone
3 buds separated conventional
3 buds separated high oxygen
3 buds separated pfc silicone

0.083

0.134

0.038

0.12

Additional modeling demonstrated that the PFC Silicone
also has an advantage when compared with culture platforms
comprised solely of silicone. In the case of the pancreatic
buds, the average difference in oxygen concentration was a
0.012 mol/m? increase in localized oxygen concentration in
the PFC/Silicone plates compared to the Silicone, alone. This
is extremely important as we have observed that even small
differences in oxygen concentration can drastically affect the
relative fold increase of endocrine marker gene expression
during culture of the embryonic tissue. Based on this model-
ing information, experiments were undertaken to assess the
effects on differentiation of increased oxygen. The experi-
mental design and results are detailed in the next example.

Example 3
Oxygen Transfer Studies

The purpose of these studies was to assess the representa-
tive oxygen transfer characteristics of the PFC/Silicone sys-
tems relative to silicone alone and conventional plastic cul-
ture systems, where oxygen comes primarily from the apical
surface.

Use of Optical Oxygen Sensors Based on Fluorescence
Decay to Measure Oxygen Transfer:

Materials: 2.4 cm PFC Silicone, Silicone and plastic
dishes.

Thin film optical spot oxygen sensors (PreSens Inc, Ger-
many and WPI Inc, Sarasota, Fla.) were utilized for measure-
ment of oxygen concentration. These sensors are approxi-
mately 5 mm in diameter and 50 um thick. These sensors are
generally fastened inside of a culture system on a flat surface
and a fiber optic detection cable is fastened non-invasively to
the outside of the culture platform, fluorescence values (in-
tensity and phase angle) to a detector and software package
for analysis. The sensors are based on fluorescence decay
over time (life-time fluorescence) and are constructed of oxy-
gen sensitive fluorophores with fluorescence characteristics
inversely proportional to the amount of oxygen present. The
sensors are incredibly stable and once calibrated can be
reused multiple times and autoclaved, as needed. Drift is
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minimal and can easily be countered by a spot calibration at a
known temperature and room air partial pressure. The picture
below details the sensor/fiber assembly for measurement:
Spot sensors were fastened to the bottom center region of
PFC/Silicone (10% v/v FC-70, FC-43), silicone and plastic
(polystyrene) 2.4 cm inserts with rapid curing silicone. SMA
connectors were glued on the outside bottom of the 6 well
plates aligned such that the sensor fluorescent surface was
flush with the optical outlet of the SMA connector.

After the glue had cured, the fiberoptic transmission cables
were secured in the SMA connectors and the signal transmis-
sion was tested to insure that the fluorescent signal could pass
through the silicone, PFC/Silicone and plastic with adequate
intensity to be analyzed. The separation distance of several
millimeters between the fiber optic probe and the spot sensors
generated no artefactual readings or signal intensity issues.

The well plate was then placed into a 37° C. standard 5%
CO, incubator and 1.8 mL of ddH,O was added to each dish.
Then, the well plate was covered and the system was allowed
to equilibrate while monitored for approximately 1 hour.
When the system had reached equilibrium and was reading
close to the expected oxygen partial pressure of 142 mmHg,
the software recording was started for a 10 minute baseline
reading. At the end of the 10 minute baseline read, 18 ul. of a
freshly made and pre-warmed 1M sodium sulfite solution was
added to each well by initial pipetting and then a thorough
mixing by further pipetting.

The sodium sulfite is a well-established and utilized system
for oxygen removal. At equilibrium, water will contain
approximately 192 uM dissolved oxygen which is far less
than the 10 mM final concentration of sodium sulfite upon
addition of the 1M stock. Thus, there is a rapid and extreme
consumption of oxygen that far exceeds any cell type in
culture and therefore, it can be used as a ““worst case scenario”
control for any system. The volume of water (1.8 mL.) chosen
for use was to insure a sufficient medium height (4 mm) such
that most of the oxygen transfer measured by the sensor in the
membrane systems would be due to diffusion through the
membrane as the gradients from the apical to the basal surface
would be large and would take some time to equilibrate (L*/
D; where L is the path length of diffusion from the surface to
the sensor in centimeters and D is the diffusivity of oxygen in
water at 37° C., 3.0 E-05 cm?/s). Oxygen values were
recorded until the systems returned to at least 95% of the
baseline value. Oxygen transfer comparisons were made
using the slope during return to baseline O, and the time to
half maximal oxygen concentration T at: (maximal concen-
tration-minimal concentration)/2. These studies were per-
formed after the curing period of 24 hours post-manufacture,
to minimize loss due to PFC volatility.

Results:

FIG. 3 details the results of the comparison of all dish types
at 24 hours post manufacture. The figure shows representative
average curves of replicate runs of each group. No error bars
are displayed, but the differences between the PFC/Silicone
platforms vs. the silicone alone and vs. the polystyrene were
highly significant in favor of the PFC/Silicone platforms
(P<0.01 vs. the silicone alone and the polystyrene for time to
half maximal concentration and rate of reoxygenation slope).
The differences between the FC-70 platforms vs. the FC-43
platforms were not statistically significant, although there
was a trend that favored the FC-70 relative to the FC-43 for
both rate of reoxygenation and time to half maximal concen-
tration. Clearly, the PFC/Silicone platforms offer a substan-
tial improvement over both the plain silicone and the poly-
styrene dishes in terms of oxygen transfer capabilities.
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Currently, experiments are ongoing to study the transfer
rates over time in conjunction with the observed loss of PFC
due to volatility. Additionally, experiments will be performed
using lower media heights to better simulate cell culture and
mathematical models are being generated to describe the
culture observations and for use in further system optimiza-
tion.

Example 4
Optimization of Manufacturing Process

Important to the development of PFC/Silicone culture plat-
forms is the ability to manufacture individual batches of
dishes with minimal variation. Each manufacturing variable
was carefully examined to develop an optimal method for
generating reproducibly homogeneous micellar suspensions
of the perfluorocarbon within the silicone and catalyst mix-
ture insuring uniform perfluorocarbon concentrations
throughout the membrane matrix prior to the curing process.

Methods.

PFC/Silicone Manufacture:

After manipulation of component variables and processing
settings, as well as studies of the stability of the PFC to
determine volatility properties and optimal transfer charac-
teristics, an optimal manufacturing protocol was formulated.
The steps detail the protocol. In this example, 10 mL of the
10% v/v PFC, 20% catalyst membrane composition is manu-
factured and 2.4 cm transwell inserts are generated from the
PFC/Silicone solution.

Materials:

RTV615-A GE Silicone, RTV615-B catalyst for RTV615-
A, and 3M Inc. FC-70 Fluorinert liquid.

Pour an excess of silicone into a 50 mL conical tube.
Centrifuge silicone for 5 minutes at approximately 1000 g
with a counterbalance tube filled with water. This is to de-gas
the silicone. Weigh a 50 mL conical tube (w/o the) cap in a
conical tube holder and record the weight. Careful not to
introduce air bubbles into the silicone, pipette 7 mL of the
silicone into the weighed 50 mL conical tube. It is necessary
to use a plunger pipettor common for the transfer of viscous
solutions as a conventional pipettor will not extrude an accu-
rate volume as most of the silicone will stick to the pipette tip
walls. To insure that 7 mL of the solution have been added to
the tube, weigh the tube again and subtract the initial weight.
This will give the weight of the silicone alone. Divide this
number by the density of the silicone and this will give the
volume of silicone added. For example, the density of the
silicone is 1.013 g/mL and therefore, 7 mL should produce a
weight of 7.091 g. Prepare an ice slurry in a bucket by mixing
14 the bucket of ice with V2 cold water. In a hood, place the 50
mlL conical containing the silicone held with a ring stand and
clamp such that the entire volume of silicone is immersed in
the ice slurry. Place ¥16" sonicator probe tip (VirTis 390910
for Virsonic 100) held onto ring stand with another clamp into
the silicone place the tip %4" from the conical tube bottom.
Care must be taken to insure that the sonicator tip does not
touch any part of the conical tube and remains centered in the
bottom. Start sonicating the solution at 25-30 W (setting 16 on
the VirSonic 100 sonicator). The silicone will make the soni-
cator sound as if it is not tuned, but proceed by adding 1 mL
of'the FC-70 with a plunger pipettor. Try to get the pipette tip
as close to the probe as possible. This will insure that the PFC
begins mixing upon introduction into the silicone. As the PFC
in much denser than the silicone (p=1.9243 g/mL), it will sink
rapidly to the bottom of the tube. Stop sonicating after 30
seconds and allow the solution to cool in the ice bath for 30
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seconds. Repeat this step two additional times for a total of 3
sonications. After the 3’ sonication, do not allow the sample
to cool for 30 seconds. Instead of allowing the solution to cool
for the last 30 seconds, raise the probe tip from the solution,
which should now begin to look whitish and opaque, allow
the excess to drip back into the conical and then, remove the
conical tube from the clamp placing cap onto conical. Vortex
the solution for 1 minute on highest setting. Return mixture to
ice slurry, remove cap and place sonicator probe tip back in
prior position in mixture. If ice slurry is warming and ice is
disappearing at any step, replace slurry with amounts
described above. Let solution cool for 1 minute. Sonicate the
solution as above, 30 seconds pulse on and 30 seconds cool-
ing, for an additional 3 times (Now 6 cycles total). Raise the
probe tip, allow excess to drip back into mixture and then
remove mixture from clamp and slurry. Place cap back onto
tube and fasten tightly. Centrifuge at 1000 g for 5 minutes
with balance tube in place (this is to remove air bubbles and
assess if any PFC is not mixed). Remove mixture from cen-
trifuge, remove cap from conical tube and add 2 mL of cata-
lyst solution to the mixture. Stir in catalyst thoroughly with a
sterile spatula. Remove spatula from mixture scraping off
excess solution into tube. Replace tube cap and fasten tightly.
Vortex solution for 1 minute, as above. Centrifuge solution
final time, as above.

The general outcome of this processing is a homogeneous,
opaque and viscous micellar suspension. These protocols
produce a suspension free of phase separation. Often, there is
a very thin and more transparent layer near the top of the
mixture that is likely due to the inability of the sonicator to
force the mixing entirely to the top. For this reason we gen-
erally take aliquots for the platform manufacture from the
central region of the mixture (in the vertical direction) as we
observe the most reproducible uniformity in this portion. The
next experiments will use flow through sonicators that will
continuously mix the volumes together during processing.

Dish Manufacture:

Corning 2.4 cm transwell permeable supports (for 6-well
plate), Parafilm, Scalpel for membrane removal.

Remove desired number of transwell inserts from sterile
packaging. Using scalpel, carefully cut through polycarbon-
ate membrane bottom and peel membrane completely away
from insert plastic frame. Place a square of parafilm large
enough to cover bottom of insert and pull taut along insert
frame careful to not wrinkle parafilm. This will serve as a
temporary platform on which the PFC/Silicone will cure. The
volume added to each dish is determined by the desired mem-
brane thickness calculated using the following formula:

V=ar’, T, 1)

where V is the volume added, r is the radius of the culture
platform and T, is the desired membrane thickness. The typi-
cal membrane thickness we utilize to insure even distribution
across the platform surface with minimal variation is 650 pm,
although using other fabrication methods (compression
molding) we are able to generate more uniform and thinner
membranes. With a membrane thickness of 650 pum, the
needed volume of the PFC/Silicone mixture is 295 pl. If
using the plates for volatility studies or homogeneity deter-
minations, see instructions below, otherwise carefully
pipette, using the plunger pipettor, 295 ul. of the PFC/Sili-
cone composition into the center of each dish. Care should be
taken to prevent introduction of air bubbles into the mixture
and to insure that the pipette tip is completely filled when the
mixture is aspirated. When ejecting the volume, take care to
make sure all the mixture is extruded removing the last drop-
let by touching the pipette tip to the parafilm surface. The
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mixture will spread evenly across the parafilm surface with
time, but if regions of the parafilm remain uncovered, hold the
dish at 90° with the uncovered region in a basal orientation so
that the mixture will flow downward and coat the parafilm.

24

a 110 mL initial volume of membrane material, the ideal
weight of the mixture in any individual dish would be equal to

v, @

mixtzare(miy<(0- TXPsiticonet0-2X Poataryst 0. 1XPppc)
In a dish containing 295 pl. of the aforementioned 10%

Rotate the dish as needed to insure even coating. Place the letll(lir?b (23 20911; ]?Océrciﬂ(eﬁ 30511%“23 1(;159991})55 tgel l(ﬁeZEZV;;ght
. . . . . would be: 0.295x(0.7x1. +0.2x0. +0.1x1. or.
dishes in 6 well plates and cover with plate lid. Put into 37° C. S . ’
. p . p . ) 0.3245 g. As each dish is manufactured, the weight of each
incubator to cure overnight. After overnight period, touch a individual dish/parafilm frame is recorded and then the
pipette tip to the surface of several dish membrane surfaces to weight of each dish/parafilm frame with the 295 pl. PFC/
see that the curing has reached completion (should be flexible 10 Silicone is recorded. From this weight, relative to the ideal
and resilient, not sticky or tacky). Peel the parafilm carefully weight, the volume of PFC in each dish is calculated. Aver-
. ages, standard deviations and coefficients of variation are
off of each dish bottom. The membrane may stretch as the
- ‘ tabulated for each batch.
parafilm is pulled away, but they should separate with no Results:
tearing or breakage. At this point the dishes are ready foruse. ;5  BEarly batch production and mixture manufacture resulted
Homogeneity Determination: in more variable volume percentage incorporations. Impor-
For each batch of dishes manufactured, gravimetric mea- tant variables such as temperature, sonication power, sonica-
surements were utilized to determine the volume percentage tion time e}nd somication repetitions were fqund lo be most
. L . . important in reproducibility. Pipetting technique in applying
of PFC in each individual dish manufactured relative to the 2 the mixture to the frame was also found to be very important.
ideal calculated from the known volume additions of each The early batches had coefficients of variation ranging from
component of the matrix. As an example, the following 7-15%, but the above manufacturing protocol has resulted in
. . : s : : o <10
details the manufacture of dishes comprised of 10% v/v PFC far better reprodu01b111ty with coefficients of variation <1%.
) ) . . Tables 8-10, detail the measurements taken in a batch of
(FC-70), 20% v/v catalyst and 70% v/v silicone: An initial 13.82% v/v PEC, 10% v/v PRC and 5% v/v PFC dishes after
volume of PFC/Silicone is manufactured as above. Assuming manufacture.
TABLE 8
13.82% v/v PFC Culture Platforms
we volume
Time O volume PFC %
295 ulL PFC Si
wtdish+ dish + parafilm + PFCSi pPFC  PFCper per
Dish parafilm PFCSi alone  Aialone 295ul. 295ul.  PFC
13.82%
IDEAL (perfectly 0335 11356 4077 0.0785 13.82%
homogenous)
Al 2.5699 2.9029 0333 112881 4053  0.078 13.74%
A2 2.5837 2.922 0.3383 114678  41.17 0.0792 13.96%
A3 2.5725 2.9099 03374 114373 41.06 0.079 13.92%
A4 2.5661 2.9042 03381  1.1461 4115  0.0792 13.95%
AS 2.5555 2.8892 03337 113119  40.61 0.0781 13.77%
A6 2.5628 2.9019 03391 114949  41.27 0.0794 13.99%
Bl 2.5665 2.9043 03378  1.1451 4111 0.0791 13.94%
B2 2.5348 2.8736 0.3388  1.1485  41.23  0.0793 13.98%
B3 2.5531 2.887 03339 1.319 40.64  0.0782 13.77%
B4 2.5781 2.9093 03312 1.227 4031 0.0776 13.66%
BS 2.5782 2.912 0.3338 1315 40.62  0.0782 13.77%
B6 2.5584 2.8947 03363 114 4093 0.0788 13.87%
MEAN 40.89  0.0787 13.86%
SD 0.33 00006 0.11%
cv 1% 1%  0.80%
TABLE 9
10% v/v PFC Culture Platforms
10% v/v PFC Culture Platforms
we volume
Time O volume PFC %
295 ulL PFC Si
wtdish+ dish + parafilm + PFCSi pPFC  PFCper per
Dish parafilm PFCSi alone  Aialone 295ul. 295ul.  PFC
10%
IDEAL (perfectly 0.03245  1.09989 295  0.0568 10.00%
homogenous)
Al 2.5549 2.8749 0.3200 108475  29.1  0.0560  9.86%
A2 2.5748 2.8977 0.3229  1.09458 294  0.0565 9.95%
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TABLE 9-continued

10% v/v PFC Culture Platforms
10% v/v PFC Culture Platforms

wC volume
Time 0 volume  PFC %
295 uL PFC Si
wtdish + dish + parafilm + PFC Si pPFC PFCper per
Dish parafilm PFCSi alone  Aialone 295ul. 295ul.  PFC
A3 2.5497 2.8734 0.3237  1.09729 294 0.0566  9.98%
A4 2.558 2.8818 0.3238  1.09763 29.4 0.0566  9.98%
A5 2.5994 2.9233 0.3239  1.09797 294 0.0567  9.98%
A6 2.5533 2.8786 0.3253  1.10271 29.6 0.0569 10.02%
B1 2.5638 2.8874 0.3236  1.09696 29.4 0.0566  9.97%
B2 2.5521 2.8763 0.3242  1.09898 29.5 0.0567  9.99%
B3 2.5745 2.8983 0.3238  1.09763 29.4 0.0566  9.98%
B4 2.565 2.8885 0.3235  1.09661 29.4 0.0566  9.97%
B3 2.5649 2.8907 0.3258 1.10441 29.6 0.0570  10.04%
B6 2.567 2.8911 0.3241  1.09864 29.5 0.0567  9.99%
C1 2.5336 2.8589 0.3253  1.10271 29.6 0.0569 10.02%
C2 2.5447 2.8681 0.3234  1.09627 294 0.0566  9.97%
C3 2.5277 2.8520 0.3243  1.09932 295 0.0567  9.99%
C4 2.5451 2.8699 0.3248  1.10102 295 0.0568 10.01%
C3 2.5421 2.8660 0.3239  1.09797 294 0.0567  9.98%
C6 2.5721 2.8943 0.3222  1.09220 293 0.0564  9.93%
D1 2.5207 2.8445 0.3238  1.09763 29.4 0.0566  9.98%
D2 2.5675 2.8926 0.3251  1.10203  29.6 0.0569 10.02%
D3 2.5729 2.8968 0.3239  1.09797 294 0.0567  9.98%
D4 2.547 2.8713 0.3243  1.09932 295 0.0567  9.99%
D5 2.5514 2.8757 0.3243  1.09932 295 0.0567  9.99%
D6 2.5406 2.8653 0.3247  1.10068 29.5 0.0568 10.01%
MEAN 0.3239 29.45 0.0567  9.98%
SD 0.0012 0.1050 0.0002  0.04%
cv 0.36% 0.36% 0.36%  0.36%
TABLE 10
5% v/v PFC Culture Platform:
we
Time 0 volume  PFC volume %
295 ul, PEC Si
wtdish + dish + parafilm + PFC Si p PFC PFCper per

5% parafilm PFCSi alone Ai alone 295ul. 295ulL PFC
IDEAL (perfectly 0.312  1.056 14.86  0.0286 5.04%
homogenous)

2.5631 2.8668 0.3037 1.029491525 1449  0.0279 4.91%
C2 2.5855 2.8927 0.3072 1.041355932 14.65  0.0282 4.97%
C3 2.61 2.9222 0.3122 1.058305085 14.89  0.0287 5.05%
C4 2.5636 2.874 0.3104 1.05220339 14.80  0.0285 5.02%
C3 2.5472 2.8567 0.3095 1.049152542 14.76  0.0284 5.00%
C6 2.5524 2.8631 0.3107 1.053220339 14.82  0.0285 5.02%
D1 2.5702 2.882 0.3118 1.056949153 14.87  0.0286 5.04%
D2 2.5524 2.863 0.3106 1.052881356 14.81  0.0285 5.02%
D3 2.5462 2.8581 0.3119 1.057288136 14.88  0.0286 5.04%
D4 2.5559 2.8682 0.3123 1.058644068 14.90  0.0287 5.05%
D5 2.5524 2.8644 0.312  1.057627119 14.88  0.0286 5.04%
D6 2.5696 2.8815 0.3119 1.057288136 14.88  0.0286 5.04%
E2 2.5486 2.8606 0.312  1.057627119 14.88  0.0286 5.04%
E3 2.5594 2.8713 0.3119 1.057288136 14.88  0.0286 5.04%
E4 2.5693 2.88 0.3107 1.053220339 14.82  0.0285 5.02%
ES 2.5639 2.875 0.3111 1.054576271 14.84  0.0286 5.03%
MEAN 14.82  0.03 5.022%
SD 0.11  0.0002  0.0365%
cv 0.727% 0.727%  0.727%
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Discussion:

The above batches platforms exhibit the low variation
observed utilizing the current manufacturing protocol regard-
less of the v/v % of perfluorocarbon added to the matrix.
Clearly, this data demonstrates that manufacture of this mate-
rial lends itself to mass production protocols and can be
readily scaled up with automated system.

Example 5

PFC Volatility Studies—Determining Optimal
Perfluorocarbon

The most important component of the culture platforms as
related to the enhancement of oxygen transfer is the perfluo-
rocarbon utilized. Perfluorocarbons are extremely dense and
chemically inert liquids that have a high solubility for oxygen
and additionally, have oxygen transfer characteristics similar,
often superior to hemoglobin (linear vs. signoidal bind/re-
lease curves). However, perfluorocarbons are also typically
volatile, vaporizing at standard temperatures and pressures.
The rate of vaporization is dependent on the boiling point and
vapor pressure of the individual PFCs and additionally, the
temperature. Vapor pressure is an indication of a liquid’s
evaporation rate. It relates to the tendency of molecules and
atoms to escape from a liquid or a solid. A substance with a
high vapor pressure at normal temperatures is often referred
to as volatile. The higher the vapor pressure of a material at a
given temperature, the lower the boiling point.

The vapor pressure of any substance increases non-linearly
with temperature according to the Clausius-Clapeyron rela-
tion:

dpP L

dT = TAV

M

where P is pressure, T is temperature, L. is the latent heat of
the substance and AV is the volume change of the phase
transition from liquid to gas. As temperature increases, the
vapor pressure also increases and thus, the volatility also
increases. We tested a clinical grade PFC, perfluorodecalin,
and two perfluorocarbons used in artificial blood emulsions,
FC-43 and FC-70, characterized by low vapor pressures and
high boiling points.

Determination of PFC Volatility: Effect of Temperature,
Boiling Point and Vapor Pressure:

Materials: Perfluorodecalin, FC-43, FC-70 Fluorinert lig-
uid and 35 mm petri dishes.

For these studies, a 35 mm petri dish was marked and
weighed empty with the lid. Next, 1 mL of PFC was added to
each dish for every PFC above in quadruplicate and weighed
with the lid. The initial weights of the dish and dish+PFC
were recorded. The difference was recorded as the TO PFC
weight. As 1 mL was used for all measurements, % volume
losses were later determined by the following formula:

A% V=(Aweight/Toweight)x1 Ml 2)

The dishes were then stored overnight in various tempera-
tures (50° C.,37° C. and 25° C.).

Of the three perfluorocarbons tested, perfluorodecalin has
the lowest boiling point and the highest vapor pressure and
therefore, it was expected that it would have the highest rate
of'vaporization. After 24 hours, all of the perfluorodecalin had
evaporated in the 50° C. and 37° C. conditions with approxi-
mately 5% volume remaining at room temperature. As
expected from the perfluorocarbon properties, the FC-70 with

10

15

20

25

30

35

40

45

50

55

60

65

28

a higher boiling point (215° C. vs. 174° C.) and a lower vapor
pressure (0.1125 mmHg vs. 1.44 mmHg) had the least vol-
ume % loss while FC-43 was slightly higher in some condi-
tions (50° C.: 0.9% per hour vs. 0.80% per hour) and mark-
edly higher in others (37° C.and 25° C. 0.2% vs. 0.05% at 37°
C. and 0.1% vs. 0.01% at 25° C.). As expected, loss was
directly related to temperature, with greater losses occurring
at higher temperatures, and was also related to humidity, as
dishes in humidified incubators experienced less loss than
those in the curing oven (37° C.). The FC-70 was the optimal
PFC with regards to volatility. FC-70, was more stable, more
chemically inert, had similar material safety data, and addi-
tionally, had higher oxygen solubility and transfer character-
istics.

Volatility of PFC in PFC/Silicone Matrix Culture Plat-
forms:

These studies were performed to assess the stability of the
FC-70 within the silicone matrix during curing and storage,
the effect of loss on oxygen transfer and to develop means of
long-term storage to minimize PFC loss. In these studies,
dishes of varying volume percentage FC-70 were manufac-
tured (5%, 13.86% and 10%). For each batch of dishes manu-
factured, gravimetric measurements were utilized to deter-
mine the volume percentage of PFC in each individual dish
manufactured relative to the ideal calculated from the known
volume additions of each component of the matrix.

As an example, the following details the manufacture of
dishes comprised of 10% v/v PFC (FC-70), 20% v/v catalyst
and 70% v/v silicone: An initial volume of PFC/Silicone is
manufactured as above. Assuming a 10 mL initial volume of
membrane material, the ideal weight of the mixture in any
individual dish would be equal to

@

In a dish containing 295 pl. of the aforementioned 10%
mixture (2.4 cm D circular culture insert), the ideal weight
would be: 0.295x(0.7x1.0132+0.2x0.9918+0.1x1.9243) or,
0.3245 g. As each dish is manufactured, the weight of each
individual dish/parafilm frame is recorded and then the
weight of each dish/parafilm frame with the 295 pl, PFC/
Silicone is recorded. From this weight, relative to the ideal
weight, the volume of PFC in each dish is calculated. Aver-
ages, standard deviations and coefficients of variation are
tabulated for each batch.

The dishes were broken into equal n based on the total
number manufactured and stored in various conditions after
initial curing at 37° C. (25° C.,-20° C., 25° C.with 2 mL. 70%
ethanol and 25° C. with 2 mL culture medium). These studies
were different from earlier PFC volatility studies in that there
were now two surfaces (both sides of membrane exposed to
air or to medium, not plastic) and thus, twice the surface area
from which FC-70 could evaporate. The dish weights were
taken every 24 hours and recorded and from the A weight, the
percent loss of PFC could be tabulated, as earlier control
studies with silicone alone demonstrated that all observed
weight loss during curing was due to PFC vaporization and no
changes in weight were observed in silicone/catalyst dishes
manufactured the same way.

Results:

In all groups, there was gradual loss of PFC in all dishes
that followed a non-linear pattern of volatility as dictated by
the characteristics of vapor pressure equilibrium. The rate of
loss was dependent on initial v/v % concentration (higher
concentration, higher rate of loss), temperature (higher tem-
perature, higher rate of loss), humidity (non-humidified,
greater loss) and environmental exposure volume (open air
vs. covered plate, open air greater loss). The dishes stored at
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—20° C. had the lowest rate of loss but those stored at 25° C.
with 2 mL of 70% ethanol in a covered plate had non-statis-
tically significant differences in loss rate. Utilization of etha-
nol as a storage medium does not lend itself to packing or
shipment, however, but it is the preferred means of steriliza-
tion of the platforms before use in culture in our laboratory.

Discussion:

Utilizing rates of loss and the limit of PFC mixture into the
silicone (approximately 20% v/v), theoretical calculations
show that total PFC loss could occur in the order of 54 days.
This means that diftferent storage means will have to be devel-
oped or else dishes will have to be utilized as short-term
disposable products. Oxygen transfer experiments, however,
demonstrated that the oxygen transfer capabilities were not
greatly affected by loss over time in the short-term, in fact
getting better. On-going experiments are being conducted to
determine the effect of other means of storage in sealed pack-
ages with less exposure to environmental air, thus, reducing
equilibration induced evaporation. Further experiments are
being conducted to assess loss in humidified culture environ-
ment and the effects of this loss on longer term oxygen trans-
fer (>7 days).

Example 6

Enhanced Oxygenation Promotes Beta Cell
Differentiation In Vitro

Wetested the hypothesis that a more physiological mode of
O, delivery system, would result in enhanced rates of endo-
crine differentiation. We observed a very significant up-regu-
lation of all tested pancreatic differentiation genes in the
experimental group compared to controls cultured in standard
conditions. Endocrine-to-exocrine and p-to-a cell differen-
tiation ratios were also significantly higher, not only com-
pared to in vitro controls but also to the corresponding in vivo
stage of development. While high O, enhanced the prolifera-
tion of epithelial cell types both in standard and PFC/Si plat-
forms, the positive effect on endocrine differentiation was
seen only in the latter. Potential molecular mechanisms
underlying these effects are discussed in the context of the
definition of strategies to improve the yield and functionality
of § cells from stem and/or progenitor cells in vitro.

Materials and Methods

Manufacture of PFC/Si Dishes:

Biomedical/Electrical grade RTV silicone (RTV-615A)
and the corresponding vulcanization catalyst (RTV-615B),
both with a density of 1.1 g/cm?®, were utilized for the manu-
facture of silicone membranes (Dow Chemical, Co., Mari-
etta, Ga.). Perfluorotributylamine, FC-43, with a density of
1.9 g/cm® was used as the perfluorocarbon oxygen moiety in
the membranes (3M Inc., St. Paul, Minn.). 20% PFC/Silicone
mixtures were sonicated for 3 minutes at 20 W and then
placed in a vacuum chamber (45 minutes) to extract gas
bubbles. Teflon membranes were removed from Millipore
CM inserts, and Parafilm™ (Sigma-Aldrich Inc., St-Louis,
Mo.) carefully placed along the entire bottom surface to pro-
vide a flat, rigid bottom for the silicone to cure upon. 35 ul of
the mix were added to each insert and cured at 40° C. for 2-3
h. The final thickness of the membranes, once the parafilm
was peeled out, was 450 pm, which was found to be the best
compromise between diffusion optimization and membrane
integrity.

Real-Time PCR Assays:

The assays used were: PCNA (Mm00448100_g1) Carbox-
ypeptidase A (MmO00465942_m1); Amylase
(Mm02342487_g1); Insulin 1 (MmO01259683_g1); Insulin 2
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(Mm00731595_gH); Glucagon (Mm00801712_m1); Ptfla
(p48) (Mm00479622_m1); Pdx1 (Mm00435565_m1); Isl-1
(Mm00627860_m1); Ngn3 (Mm00437606_s1); Pax4
(MmO01159035_g1); Glut-2 (Mm00446224_m1l); Pax6
(Mm00443072_m1); and Arx (Mm00545903_m1). Expres-

sion levels were normalized against 18S rRNA
(Hs99999901_s1).
Ratiometric Analysis:

In addition to the relative quantification of individual
genes, we also examined the differential expression of endo-
crine versus exocrine genes, as well as beta-cell vs. alpha cell
genes in each group (ratiometric analysis). First the average
of'the triplicate wells for the numerator and denominator gene
of interest was calculated. In this case, the gene ratios were
calculated within individual groups. From the average gene
values (Ct), we subtracted the average value of the house-
keeping gene (18S). The resulting number is dCt. Then, the
average of the adjusted numerator cycles was subtracted from
the adjusted denominator cycles. Finally, as each cycle rep-
resents a doubling of reaction product, the fold difference was
calculated by the following formula:

Fold change=27"

where n is equal to the average difference of cycle numbers
between numerator and denominator genes. Once these ratios
were calculated for each gene combination in the control and
experimental group respectively, we determined the ratio of
the experimental value to the control value. In this way, we
could examine ratiometric differences within each group and
then between groups. An illustrative example of the method is
provided below for a gene A/gene B ratio.

Group: PFC/Si

Ct 18 dCt(Ct-18s)
Gene A 20 12 8
Gene B 30 14 16 §-16=-8 2°H=256

Thus, the ratio of gene A to gene B in the PFC/Si group is
256. Similar calculations resulted in ratios of 32 in the stan-
dard control. We can conclude, therefore, that the ratio of
gene A/gene B is 256/32=8 times higher in the PFC/Si than in
the standard control group.

Oxygen Consumption:

Pancreatic buds were placed in a temperature controlled
oxygen consumption rate (OCR) stirred micro-chamber sys-
tem equipped with Ruthenium fiber optic oxygen sensors
(Instech Laboratories, Plymouth Meeting, Pa.). This system
measures declining oxygen concentration (A_O,) with time.
The probes were calibrated using room air, (210 uM oxygen)
and 100 mM sodium sulfite (NaSO®") (Sigma-Aldrich
Chemical Co., St. Louis, Mo.), which consumes all oxygen in
the system through chemical binding with the sulfur. This was
performed using five consecutive harvests of precursor buds.
Duplicate runs of 3 buds per chamber were performed in three
harvests, and one run of 6 buds in the fourth and fifth harvest.
All measurements were performed in complete culture
medium. The system was continuously stirred, thus maintain-
ing oxygen equilibrium within the chamber. Since the cham-
ber volume is known, the oxygen consumption could be
determined from the linear slope of the AcO, The slope (ex-
pressed as uM) was multiplied by the chamber volume (250
pl) to obtain the mols of oxygen consumed. This value,
expressed in mol/min, was divided by 60 to obtain the mols of
oxygen consumed per second.
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Polarographic Microelectrode Oxygen Measurements:

On the day following harvest, murine pancreatic buds from
control and PFC/Si culture conditions were utilized for mea-
surement of tissue oxygen gradients. 3 pancreatic buds from
each group were transferred into a 35 mm culture dish, either
with standard plastic bottom or with a perfluorocarbon-sili-
cone matrix bottom (3.36 ml of culture medium). Sequen-
tially, each dish was placed in a microincubator (Harvard
Apparatus, Boston, Mass.) affixed to the stage of a Zeiss
inverted microscope, with 3.36 ml of fresh culture medium
without sodium bicarbonate. The microincubator maintained
the temperature at 37° C. for the duration of the measure-
ments. In the absence of bicarbonate, the medium pH was
maintained by 25 mM HEPES buffer. Evaporation during the
measurements was minimal (<2% total volume). The oxygen
microelectrodes utilized (Diamond General Inc, Ann Arbor,
Mich.) had an average tip diameter of 8 um. Each probe was
subjected to a two-point calibration, first in nitrogen dis-
solved in culture medium (0%) and then by room air in culture
medium (20.9%). Calibrations were performed at 37° C. to
maintain thermal consistency.

For each measurement, an individual pancreatic bud was
affixed to a glass pipette tip on one side of the microscope
stage by vacuum patch clamp technique. The buds were
allowed to equilibrate for 105 minutes, which is the calcu-
lated equilibration time of the system—the square of the
diffusion path length (medium height) divided by the diffu-
sion

coefficient of oxygen through the medium (2.1 E=%°° cm?/
s). The oxygen microelectrode was affixed to the other side of
the microscope stage in a robotic micromanipulator (Eppen-
dorf) capable of precision movements in the X, y and z planes
down to a resolution of 0.2 All electrode and temperature data
were recorded through an analog data collection board inter-
faced with a laboratory PC via an RS-232 connection. Data
collection software (DASYLab) was utilized to transform
analog voltage signals to digital readouts for assessment of
oxygen concentrations within the pancreatic buds.

Oxygen measurements were collected for two minute
intervals by guiding the electrode normal to the surface into
the tissue. An initial measurement was made at —250 pm
relative to the surface with internal measurements made at 10
um intervals from the surface to the core of the pancreatic bud
(approximately 260 pum). Three individual measurements
were performed per bud and three buds per group were uti-
lized for oxygen measurements.

Quantification of Immunostaining:

Metamorph® imaging software (Molecular Devices Inc.,
Downington, Pa.) was used to quantify relative amounts of
insulin and glucagon staining in every section. This imaging
package allows for the accurate quantification of fluorescent
signal in any biological tissue section. Positive areas were
calculated as percentages by dividing positive pixel number/
section by the total pixel number/section. Total positive vol-
ume percentages/bud were then calculated for all the sections
of any given bud, according to the equation:

0.05

n
ZP+
ln

NG

1

Where n is the number of sections, P, is the total pixels
and, P+, is the number of positive pixels for each specific
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hormone. The average percentages were calculated from the
individual percentage values from each group.

Tissue Procurement and Culture:

Pancreatic buds from €9.5-e16.5 CBAxB6 embryos (noon
of the day a vaginal plug is found is considered 0.5 days of
gestation) were isolated and microdissected. Culture medium
was GMEM (Invitrogen) supplemented with 0.1 mM MEM
non-essential amino acids (Invitrogen), sodium pyruvate, 5%
(v/v) new-born bovine serum, 5% (v/v) fetal calf serum, 0.1
mM 2-mercaptoethanol, penicillin (100 U/m1)/streptomycin
(100 pg/m1l) and L-glutamine (250 uM) (Invitrogen). Con-
trols were plated in 12 mm, 0.4 uM Millicell inserts (typically
2 buds/insert) and incubated at 37° C. and 5% CO,, either at
21% or 35% O,. Buds assigned to the experimental group
were plated in PFC/Si culture plate inserts (see FIGS. 5A-5B)
and incubated at 37° C. and 5% CO, and 35% O,.

Immunostaining and Image Analysis:

Explants were grown as above for 3 days and then fixed
with 4% paraformaldehyde (30 min.), washed with PBS (30
min.) and frozen in O.C.T. compound (Sakura). Pancreatic
rudiments were sectioned in their entirety (5 um) and
mounted with DAPI-vectashield (Vector). Guinea pig anti-
insulin and rabbit anti-glucagon antibodies (BioGenex,
ready-to-use solution) were used for double staining BrdU
(Sigma) was added to the culture medium at a final concen-
tration of 10 uM and kept overnight (and added freshly every
day) before fixation. Rat anti-bromodeoxyuridine (BrdU)
antibody (Accurate, 1:100 dilution) and FITC-conjugated
hypoxyprobe (Chemicon, 1:100 dilution) were used for
detection of proliferating cells and hypoxia, respectively.
Rabbit antibodies against amylase (1:200), carboxypeptidase
(1:200), E-cadherin (1:100) and Nestin (1:100) were obtained
from Santa Cruz, Sigma, Zymed and Covance, respectively.
All secondary antibodies were purchased from Molecular
Probes (Invitrogen). METAMORPH® software was used to
quantitate insulin and glucagon staining.

Real Time qRT-PCR.

Total RNA was purified using Qiagen kits (QIAShredder,
RNeasy and DNase-free). The First-Strand system (Roche)
was used to generate cDNA (random oligomers). Relative
gene expression was calculated using Tagman assays in a
7500 Fast Real Time PCR cycler (Applied Biosystems, ABI).
The ACt method for relative quantification was deemed opti-
mal for this application. All assays (ABI) were designed to
span exon-exon junctions, thus eliminating the possibility of
genomic DNA contamination. qRT-PCR results are the aver-
age of several independent experiments, as indicated in the
Results section. In addition, in each experiment each marker
was analyzed in triplicates. Specific assay numbers are pro-
vided as supplementary information. Gene expression was
normalized against 18S rRNA. This endogenous control has
been validated in our system and proven extremely stable and
more accurate over varying O, concentrations than other stan-
dards.

Statistical Analysis.

ANOVA tests were used to analyze variance between the
means of the different groups (P<0.05). When more than two
groups are compared, paired student’s t-tests usually result in
a higher probability of type I errors (i.e., when the null
hypothesis is rejected even though it is true), hence the use of
ANOVA. Standard error of the means (S.E.M) was used for
all our analyses.

O, Diffusion Modeling:

3D Diffusion/Reaction theoretical modeling was per-
formed on permutations of control and experimental culture
systems using COMSOL v.3.2 finite element analysis soft-
ware. [terative solutions for concentration profiles were deter-
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mined utilizing the time dependent solver. The modeling
allowed us to examine the effect of multiple variables, includ-
ing medium height, tissue proximity, perfluorocarbon volume
fraction and external O, concentration. Our calculations were
based on published diftfusion coefficients for tissue and cul-
ture medium, as well as measured dimensions and O, con-
sumption rates (OCRs) of mouse pancreatic buds. The valid-
ity of the models was confirmed by direct O, readings of
pancreatic buds in vitro, using polarographic microelectrode-
based techniques.

Insulin Measurement: Total protein was extracted from
groups of 6-8 pancreatic buds, and insulin content measured
using Mercodia ELISA kits.

Results.

PFC/Si Devices Ensure High Oxygenation Levels in e13.5
Pancreatic Buds:

We used dorsal pancreatic buds explanted at e13.5 as our
primary model of in vitro differentiation. This point is within
the period of maximal 0O cell specification in the developing
mouse, and the effect of interventions on their in vitro spon-
taneous development can be readily quantified. 30 dorsal
pancreatic buds pooled from e13.5 embryos (6 pregnant C57
females) were microdissected and measured. Their average
dimensions  were  449.74/-78.5  umx649.8+/-79.3
umx450.14/=79.1 um. Average O, consumption rate was
8.954/-0.75x107> mol/m>-s~". Variability between samples
was <10%, despite using tissue from different harvests.

Traditional culture of pancreatic buds is done in inserts
where the tissue rests atop a permeable membrane, barely
bathed with the medium beneath. These “medium/air inter-
face” conditions ensure acceptable oxygenation levels, but
nutrient diffusion is suboptimal, growth is limited and
medium needs to be replenished often to prevent desiccation.
This is a cumbersome and very specialized culture system
with few uses, if any, outside the area of developmental stud-
ies of small explants. Stem cell differentiation, particularly
for large-scale therapeutic applications, will require standard
expansion systems where cells are properly immersed in cul-
ture medium.

In order to replicate the air transfer restrictions of standard
stem cell culture methods, while accommodating the special
needs of our biological model (which requires a basal mem-
brane to maintain the morphological integrity of the buds), we
have modified the basal control conditions so that pancreatic
buds sit on top of a permeable membrane but culture medium
bathes them all around (up to 1 mm above the cells, see FI1G.
5A). As it could be argued that the level of oxygenation in this
“hybrid” system would be lower than in conventional set-
tings, we added a second control where O, concentration is
increased to 35% in the incubator. Mathematical modeling
and direct in vitro measurements demonstrate that such
adjustment results in oxygenation levels comparable to those
of the “medium/air interface” conditions, while maintaining
an adequate medium height to support nutrition, expansion
and differentiation. Thus, we modeled three culture plat-
forms: (a) Standard control (Millipore Teflon inserts cultured
in conventional O, concentration in a 95% room air/5% CO,
incubator); (b) High O, control (the above system cultured in
the presence of 35% O,) and (c) PFC/Si (where the bottom of
the Millipore inserts was replaced by a 450 um-thick Silicone/
20% perfluorocarbon membrane), also cultured at 35% O, In
both controls, the samples rest at the top of liquid-permeable
Teflon membranes that suspend them above the plastic bot-
tom, so that both their apical and basal regions are bathed with
culture medium (FIG. 5A, top). PFC/Si membranes, in con-
trast, are liquid-impermeable. By resting atop these mem-
branes, samples are bathed by medium just from the top,
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while directly exposed to environmental O, from the bottom
(FIG. 5A, bottom). The mass transfer rate of O, to the cells is
greatly enhanced in this system, as it is not limited by diffu-
sivity through the culture medium.

Finite element modeling of the diffusion/reaction param-
eters of each culture environment was performed using
COMSOL v3.2 software. These calculations were validated
by experimental O, measurements throughout the tissue.

At the beginning of the culture (day 0), pancreatic buds
cultured in standard control conditions (FIG. 5B, top) have
overall oxygenation levels below 100 mm Hg, with large
areas (depicted in white) below 0.1 mm Hg. This is generally
considered the threshold of anoxia. Increasing the O, concen-
tration from 21 to 35% in the standard culture system (FIG.
5B, middle) prevents anoxia and improves oxygenation,
although not as much as in PFC/Si devices (FIG. 5B, bottom).

High O, Promotes the Growth of Pancreatic Buds in PFC/
Si Settings without Hypoxia:

el3.5 dorsal pancreatic buds were explanted and cultured
in normal conditions (standard control; n=13), 35% O, (high
O, control; n=14) and PFC/Si membranes at 35% O, (experi-
mental group; n=14). Maximal growth of the explants was
observed at 72 h of culture. Longer periods (up to 1 week) did
not result in additional expansion. Buds in the experimental
group tripled their volume over the 3-day culture period.
Explants kept at high O, alone also expanded significantly,
but not as much (2-fold). Buds in standard conditions, finally,
showed the least increase in size (1.1-fold) (FIGS. 6 A and 6B,
left column). Our theoretical calculations, adjusted for the
increased size of the buds at 72 h, indicate that this growth is
accompanied by a decrease in O, diffusion across the tissue.
This was confirmed by the use of a histological probe for
hypoxia in samples fixated after 3 days in culture. The
hypoxyprobe binds to protein adducts formed when tissue is
exposed to O, partial pressures of <10 mm Hg 58. Midpoint
sections of representative samples of each group show large
hypoxic areas in buds cultured both in standard and high O,
conditions, but not in those plated in PFC/Si devices (FIG.
6B, right column). In conclusion, our studies confirm that
PFC/Si platforms prevent hypoxia and ensure high oxygen-
ation levels in our test system.

PFC/Si-induced growth is due to replication of undifferen-
tiated epithelial cells. In order to determine the nature of the
cells responsible for the proliferation observed during cul-
ture, we added bromodeoxyuridine (BrdU) to the culture
medium for the entire length of the experiment (72 h), and
then fixed, sectioned and immunostained the samples. Co-
expression of BrdU and markers of terminal differentiation
(Insulin, Glucagon, Amylase and Carboxypeptidase A) was
rare in all the groups, as shown in FIG. 7. This observation
indicates that there is no significant replication of mature
epithelial cells. It is known that mesenchymal E-cadherin-/
Nestin+ cells are intermingled with epithelial cells at this
stage of development. These cells, however, turned out to be
scarce and largely BrdU-negative in all the groups. Most of
the BrdU incorporation was found to be localized in E-cad-
herin+/differentiation marker-cells (FIG. 7, bottom row). In
summary, our results indicate that proliferation occurs pref-
erentially in undifferentiated epithelial cells that do not
mature during the course of the experiment.

Differentiation is Greatly Enhanced in PFC/Si Devices
Compared to Standard and High O, Controls:

el3.5 dorsal pancreatic buds were harvested and cultured
as above. At day 3, the explants were lysed for RNA isolation
and protein extraction, or fixed for immunohistochemical
analysis. A panel of genes involved in the progression of
pancreatic differentiation and f§ cell maturation was tested by
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qRT-PCR in 7 independent experiments (2-3 buds/group). As
shown in FIG. 8A, all genes examined are upregulated in the
PFC/Si group compared to the standard control: Insulin 1
(30-fold), Insulin 2 (34-fold), Glucagon (8-fold), Pdx1
(2-fold), Ngn3 (8-fold), Isll (4-fold), Pax4 (14-fold), Pax6
(3.5-fold), Arx (15-fold), P48 (4.5-fold), Carboxypeptidase A
(9-fold), Amylase (5-fold) and Glut-2 (4-fold). Surprisingly,
the values observed in the high O, control were barely above
those of the standard control, and in some cases even lower.

Differences between the PFC/Si group and the controls
were statistically significant for Insulin 1 (P=0.025) and 2
(P=0.025), Glucagon (P=0.020), Ngn3 (P=0.017), Pax4
(P=0.039), Pax6 (P=0.037) and Glut-2 (P=0.025), but not for
the pancreatic endocrine markers Pdx1 (P=0.07), Isll
(P=0.06) and Arx (P=0.09) or the exocrine markers P48
(P=0.45), carboxypeptidase A (P=0.43) and amylase
(P=0.34). Metamorph® analysis of immunofluorescence-la-
beled buds (n=5 independent experiments, 3 buds/group)
confirmed the up-regulation of Insulin and Glucagon, the two
major endocrine hormones observed at this point of develop-
ment. As represented in FIG. 8B, Insulin+ staining in PFC/Si
buds is nearly 10-fold that of standard controls (2.5-fold that
othigh O, controls). Similarly, Glucagon+ signal was 5 times
more abundant in the experimental group than in conven-
tional settings (3-fold that of high O, controls). ANOVA tests
show that differences between the PFC/Si and the standard
control group (P=0.01 and 0.001 for insulin and glucagon,
respectively), but not between the two control groups, are
statistically significant. Representative sections of buds cul-
tured in each condition, shown in FIG. 8C, show that clusters
of insulin- and glucagon-producing cells were thicker and
denser in PFC/Si than in control buds.

Since the majority of these new endocrine and exocrine
cells that differentiated during in vitro culture arose from
post-mitotic progenitor cells (FIG. 7), it could be concluded
that the increased rates of growth and differentiation are two
distinct effects of culture in PFC/Si devices. We sought addi-
tional proof by examining PFC/Si-induced differentiation in
the absence of proliferation. Prior to culture in each condi-
tion, we treated freshly microdissected e13.5 buds with mito-
mycin C (MMC), a potent inhibitor of cell division. Even if
not as dramatically as before, differentiation was still signifi-
cantly higher (2- to 6-fold for endocrine cell markers) in the
experimental group compared to both controls. This observa-
tion confirms that the enhancement of endocrine differentia-
tion in PFC/Si-cultured buds is independent from the parallel
increase in their proliferative capacity.

In vitro maturation in PFC/Si devices closely mimics in
vivo development: In order to assess the extent to which buds
cultured in PFC/Si approximate in vivo levels of differentia-
tion, pancreatic buds obtained at €16.5 (a time point corre-
sponding to e13.5 buds+3 days of ex vivo development) were
lysed for RNA and protein extraction (n=4 independent
experiments). These values were compared to those previ-
ously obtained from PFC/Si-cultured buds. Total insulin con-
tent of buds cultured for 3 days in PFC/Si was nearly 80% that
of freshly explanted e16.5 buds, compared to 30% and 15% in
the high O, and standard control groups, respectively (FIG.
9A). This observation was confirmed and further expanded by
qRT-PCR, where the above panel of genes was run in the
e16.5 harvests and compared to the 7 PFC/Si in vitro experi-
ments. FIG. 9B presents gene expression profiles of the PFC/
Si group expressed as a percentage of that determined for
el6.5. Most of the differences between the PFC/Si group and
el6.5 are statistically insignificant (P>0.05), suggesting that
in vitro maturation occurred at in vivo rates.
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PFC/Si Promotes Endocrine Over Exocrine and B-Over
a-Cell Differentiation:

One possible interpretation of the above results is that a
better method of O, delivery simply promotes overall differ-
entiation. We hypothesized, however, that our method for
enhanced oxygenation would preferentially induce the speci-
fication of endocrine cells, as their O, demands exceed
greatly those of exocrine tissue. To test this hypothesis, and
based on the qRT-PCR data presented above, we calculated
the ratios of endocrine-to-exocrine and .beta.-to-.alpha. cell
differentiation. As shown in FIG. 10, these ratios are consis-
tently higher in the PFC/Si group than in the two in vitro
controls (up to 30-fold for endocrine/exocrine and 2-3 fold for
p-to-c. cell ratios) and even the e16.5 pancreatic buds (2-3
fold for both types of ratios).

Discussion:

Success at efficiently differentiating pancreatic endocrine
tissue from a renewable source of cells could have immediate
therapeutic applications for the treatment of type I diabetes.
However, current methods for the in vitro specification of 0
cells are still inefficient. We hypothesized that a better reca-
pitulation of the physiological environment of O cells (of
which oxygenation is a key component) may be conducive to
higher differentiation yields.

Our results confirmed the above hypothesis in a mouse
model of pancreatic development, but only when air was
delivered in a basal-apical fashion. Increasing the concentra-
tion of O, in the incubator in standard culture conditions did
not result in any significant up-regulation of endocrine differ-
entiation. While the “oxygen sandwich” effect could also be
achieved with membranes made of silicone alone, those that
included PFC in their composition proved superior in prelimi-
nary experiments. Expression of endocrine markers (Gluca-
gon, Insulin 1, Insulin 2 and Pax4) was between 2- and 5-fold
higher in PFC/Si than in the silicone alone group, with no
significant differences in exocrine gene differentiation or pro-
liferation markers. The advantages of PFC/Si over silicone
alone in terms of O, diffusion were additionally confirmed by
direct measurements using non-invasive optical O, biosen-
sors. Hence, we opted for PFC/Si devices for all subsequent
experiments.

Our data show an unequivocal enhancement of endocrine
differentiation, with Insulin 1 and 2 expression levels exceed-
ing 30-fold those of buds cultured in standard conditions, be
itat 21% or 35% O,. All markers of endocrine differentiation
were also upregulated, including Ngn3 (a marker of pro-
endocrine cell types), Glucagon and Pax-6 (a cells), Isll
(endocrine cells), Pax4 (pro-f cells), Glut-2 and Pdx1 (pro-f
cells) and Pax6 (pro-f cells). Although the increase in Pdx1
levels observed in PFC/Si-cultured buds over the standard
control was a seemingly modest 2-fold (6-fold over high O,
control), it must be noted that, other than throughout the duct
epithelium, expression of this gene is just starting to reappear
around this time in arising {3 cells.

It could be argued that our results are merely a reflection of
better culture conditions, rather than a preferential effect of
enhanced oxygenation on endocrine differentiation. How-
ever, the observed up-regulation of exocrine markers in PFC/
Si cultured bud was statistically insignificant. The above
hypothesis was further disproved by calculating the quotients
between endocrine (Insulin 1 and 2) and exocrine (Carbox-
ypeptidase A, Amylase and p48) markers. Within endocrine
cells, we also determined Insulin/Glucagon, Pax4/Pax6 and
Pax4/Arx ratios. The latter has been shown to be important at
the crossroads between o and f§ cell segregation from a com-
mon progenitor cell (excess of Pax4 over Arx will result in a
cell differentiation, whereas the opposite will lead towards
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the generation of a cells). Similarly, expression of Pax6, but
not Pax4, is normally associated to a cell specification at this
stage of development. In all the experiments conducted, the
PFC/Si group showed invariably higher endocrine-to-exo-
crine and f-to-a cell differentiation ratios than the two in
vitro controls. Surprisingly, they were even higher than in
freshly explanted e16.5 pancreatic buds, which represent a
valuable control of in vivo differentiation.

An enhanced growth rate was also observed when using
PFC/Si devices. BrdU incorporation studies show that the
majority of the newly generated cells were epithelial (E-cad-
herin®). BrdU, however, was very rarely seen in terminally
differentiated cells (Amylase®, Carboxypeptidase®, Insulin*
or Glucagon™). This indicates that most of the newly differ-
entiated endocrine or exocrine cells arose from progenitors
that were already quiescent at the beginning of the experi-
ment. Our data, therefore, support the notion that PFC/Si
matrices have two distinct effects on e13.5 pancreatic buds:
(a) enhanced proliferation of epithelial cells that do not dif-
ferentiate during the course of the experiment; and (b)
enhanced endocrine differentiation of a post-mitotic sub-
population of progenitor cells. The independence between
proliferation and differentiation was further confirmed by
experiments where, despite a mitomycin C-induced arrest of
proliferation, endocrine differentiation was still enhanced.
Among the differentiation pathways directly influenced by
O, tension, Notch is of utmost relevance for pancreatic devel-
opment. This pathway is generally involved in the mainte-
nance of an undifferentiated state, and its down-regulation is
key for the initiation of the endocrine differentiation cascade.
Under hypoxic conditions, the hypoxia inducible factor 1o
(HIF-1av) is stabilized and interacts with the intracellular
domain of Notch, activating this signaling cascade. In this
context, it follows that higher oxygenation would destabilize
HIF-1a, which in turn would inhibit Notch signaling, pro-
moting endocrine differentiation. This would be consistent
with the observation that the second and most significant
wave of 3 cell specification (secondary transition) is concur-
rent with the initiation of blood flow within the pancreatic
buds, long after endothelial cells first appear in the tissue.

However (as we also see in our in vitro model), higher
oxygenation can also induce proliferation of non-endocrine
cell types, a behavior that cannot be explained by the HIF-1/
Notch pathway. This typically happens through the genera-
tion of reactive oxygen species (ROS), which have been
shown to participate as signal transducers in numerous bio-
logical processes.

A model that fits the experimental evidence is presented in
FIG. 11. Hypoxic conditions present until e13.5 would theo-
retically favor the Notch-dependent proliferation of pancre-
atic progenitors. Since these conditions also promote angio-
genesis in a HIF-1-dependent manner, the initiation of blood
flow and subsequent oxygenation would: (a) arrest Notch
signaling in endocrine progenitor cells (thus allowing a mas-
sive wave of endocrine differentiation around that time); and
(b) activate Wnt/p-catenin signaling in exocrine progenitor
cells (thus triggering sustained acinar cell proliferation).
According to this hypothesis, PFC/Si devices (but not
hypoxic control conditions) would, to some extent, mimic the
two independent effects of angiogenesis in different cell sub-
sets of the developing pancreas. The testing of this hypothesis
is presently the subject of several lines of research in our
laboratory.

The observation that high O, concentrations per se did not
enhance differentiation over basal levels demonstrates that
standard methods of air delivery are ill-suited to sustain
growth and differentiation of cell aggregates. After three days
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in culture, buds cultured in high O, had a very significant
incidence of hypoxia, which was not observed in PFC/Si-
cultured explants. Notably, improved O, delivery was not
accompanied by oxygen-induced stress. Preliminary multi-
plex analyses shows differential activation of AKT phospho-
rylation (survival signal) and suppression of c-jun, NF-kB
and ERK (stress activated kinases) in the PFC/Si group com-
pared to both controls

Conclusions:

To date, most attempts at differentiating islets from stem
cells have focused only on their molecular environment. Our
results emphasize the importance of providing developing
progenitor cells with the right physiological environment,
opening a new avenue of research that timely complements
parallel advances in the field. In short, this work: (1) presents
evidence of a direct relationship between oxygenation and
pancreatic endocrine cell differentiation, whose molecular
mechanism is presently under study; and (2) describes a novel
cell culture tool designed to deliver O, in a physiological-like
fashion, which could be of immediate use in the development
of more efficient islet differentiation protocols from adult
and/or embryonic stem cells.

Example 7

Effect of PFC/Si Conditions in the Culture of
Embryoid Bodies Derived from Human Embryonic
Stem (huES) Cells

Objective: To assess the influence of enhanced oxygen-
ation (as provided by PFC/Si devices) on the expression of
pancreatic endocrine markers in huES cell-derived embryoid
bodies.

HuES cells organize in embryoid bodies when cultured in
conditions that do not favor their attachment (such as hanging
drops or bacterial Petri dishes). These embryoid bodies (EBs)
give rise to a variety of tissues of all three embryonal layers,
namely endoderm, ectoderm and mesoderm. Insulin-positive
cells have been detected, even at a low percentage, in EBs
spontaneously differentiated for about 3 weeks. The aim of
this experiment was to determine whether culture in PFC/Si
dishes would result in higher levels of expression of pancre-
atic endocrine genes.

Methods:

A confluent T180 flask of H10 huES cells at passage 30
was trypsinized and cells allowed to form EBs in serum-free
conditions for 20 days. RNA samples were taken at that time
to establish a baseline. EBs were then distributed in four
groups, namely: control (regular Petri dishes), control high
oxygen (the same but at 35% O,), PFC/Si (10 cm PFC/
Silicone plates) and PFC/Si high oxygen (the same but at 35%
0,). These were cultured for 5 more days, at which time RNA
samples were taken for qRT-PCR analysis.

Results:

The results of this preliminary experiment can be summa-
rized as follows:

1. After 3 days in culture, glucagon gene expression is
highest in the PFC/Si High oxygen group (5-fold over day
20), followed by PFC/Si (4-fold). Control and high oxygen
controls have increases of 2.734 and 3.2-fold, respectively.

2. Glucagon expression cannot be detected in any group
after 5 days in culture, with the exception of the PFC/Si High
oxygen (11-fold increase over day 20). Therefore, only PFC/
Si platforms are permissive for long-term expression of glu-
cagon in this particular biological system.

3. Insulin expression cannot be detected either at the day 20
baseline or after 3 days of culture (in any condition). The
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same applies to 5 days of culture with the exception of PFC/Si
high oxygen. This is the only group where insulin expression
can be detected (average Ct of 3 samples=34.88). Consider-
ing that the threshold for detection is Ct=40, in the less opti-
mistic scenario the amplification observed would correspond
to 40-34.88=5.12; 2°-1*=34-fold over any other condition.

4. While Pdx1 expression levels are comparable in the four
groups after 3 days in culture (1.5-2.8-fold over day 20 lev-
els), at day 5 it can only be detected in the PFC/Si High O,
group, with a 6.35-fold increase over that of day 20.

In summary, PFC/Si conditions, especially at high O,,
seem to be most permissive for the spontaneous expression of
genes of endocrine pancreatic development in EBs. This is
consistent with the working hypothesis, already postulated in
the main body of this application, that pancreatic endocrine
differentiation is highly promoted by enhanced oxygenation.
Experiments aimed at testing this in two directed huES cell
differentiation protocols are presently underway.

Example 8

Effect of PFC/SI Conditions in the Culture of
Primary Non-Human Primate Hepatocytes

To assess the level of expression of albumin, a hepatocyte
differentiation marker, on non-human primate hepatocytes
cultured in regular conditions vs. PFC/Silicone devices.

Experimental Design:

NHP liver cells at passage 3 were cultured either on 6-well
plates (100,000 cells plated in 2-ml media) or on PFC/Si
plates (51,000 cells plated in 1 ml media), both pre-treated
with fibronectin. In both culture conditions, plates were incu-
bated either at regular (21%) or high (35%) O, concentra-
tions. RNA samples were taken at day 5 of culture and albu-
min expression measured by gRT-PCR (Applied
Biosystems).

Results:

After 5 days in culture, hepatocytes cultured in PFC/Si
devices tended to associate in cell aggregates attached to the
surface. Control cells, in contrast, remained in a monolayer.

Discussion:

Although preliminary, the above results seem to indicate
that culture in PFC/Si devices improves the expression of a
marker (albumin) associated with the maintenance of a hepa-
tocyte phenotype. This result would be of great significance
for the field of'in vitro hepatocyte expansion, as one common
effect observed in cultured hepatocytes is their loss of differ-
entiation markers with time. Interestingly, high oxygen did
not result in improved albumin expression when using PFC
matrices, suggesting that, while PFC has a generally positive
effect of the culture of metabolically demanding tissues (es-
pecially 3D aggregates), the specific O, concentration that
will give the best results needs to be adjusted on a case by case
basis.

Example 9

Effect of Culturing Mouse Neurospheres in PFC/Si
Devices

Neurospheres are free-floating 3D aggregates generated by
neural stem cells (NSCs) in vitro. These are self-renewing,
multipotent cells with the ability to differentiate into to all
neural populations (Bez A, et al. Brain Res. Dec. 12, 2003;
993(1-2):18-29.) This is the culture method of choice to
expand neural stem cells prior to their differentiation, and a
tool for the study of neural biology and development (Cam-

10

20

30

40

45

55

60

40

pos L S. J Neurosci Res. Dec. 15, 2004; 78(6):761-769). As
any other 3D cell aggregate, neurospheres are subject to mass
transfer limitations, especially related to oxygen diffusion
(Plotnikov E Y, et al. Bull Exp Biol Med. January 2006;
141(1): 142-146). When they reach a critical size, they must
be disaggregated and passaged to avoid hypoxia-related
effects on their viability and rate of proliferation. Based on
our experience with embryonic pancreatic buds, we set up to
test the hypothesis that culture of Neurospheres in PFC/Si
devices would result in enhanced proliferation rates.

Methods

Murine neurospheres were cultured in DMEM/F-12
medium supplemented with B27, Penicillin/Streptomycin,
bFGF and EGF. In these conditions, aggregates grow up to
150-250 pum, after which mass transfer rates become limiting.
Neurospheres at this average size, typically indicates a need
for trypsinization. Control neurospheres were placed in
E-well plates in low (5%) regular (21%) or high (35%) O,
incubator; experimental conditions were similar but the neu-
rospheres were placed on PFC/Si dishes. Culture was carried
out for 48 h. A pulse of BrdU was added at the beginning of
the experiment to study proliferation.

Results:

Neurospheres cultured in PFC/Si dishes, both at regular
and high O, concentrations, volumetrically expanded up to 10
times more than relevant controls (up to 1 mm of diameter) in
a 48 h period. Higher proliferation rates were confirmed by
BrdU staining (FIGS. 2A-2D). Proliferation was minimal in
both groups at low O,.

Discussion:

PFC/Si dishes dramatically enhance the proliferation of
neural stem cells in neurospheres. BrdU incorporation studies
show that most of the proliferative activity is detected super-
ficially in control aggregates (FIG. 2C). This consistent with
the hypothesis that, being oxygen-dependent, proliferation
will occur rarely in the hypoxic core of the neurospheres.
neurospheres. PFC/Si culture, in contrast, allows for the con-
tinued growth of the neurospheres without oxygen diffusion
limitations up to a higher threshold. Unlike those in the con-
trol group, proliferation can also be seen in the core of the
neurospheres cultured in PFC/Si (FIG. 2D). In summary, the
culture system circumvents oxygen transfer limitations inher-
ent to conventional methods, and allows for a dramatic
increase of the proliferation rate of neural stem cells in vitro.

Example 10

A Physiological Pattern of Oxygenation Using
Perfluorocarbon-Based Culture Devices Maximizes
Pancreatic Islet Viability and Enhances Beta Cell
Function

Conventional culture vessels are not designed for physi-
ological oxygen (O,) delivery. Both hyperoxia and
hypoxia—commonly observed when culturing cells in regu-
lar plasticware—have been linked to reduced cellular func-
tion and death. Pancreatic islets, used for the clinical treat-
ment of diabetes, are especially sensitive to sub- and supra-
physiological O, concentrations. A result of current culture
standards is that a high percentage of islet preparations are
never transplanted because of cell death and loss of function
in the 24-48 h post-isolation. Here we describe a new culture
system designed to provide quasi-physiological oxygenation
to islets in culture. The use of dishes where islets rest atop a
perfluorocarbon (PFC)-based membrane, coupled with a
careful adjustment of environmental O, concentration to tar-
get the islet physiological pO, range, resulted in dramatic
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gains in viability and function. These observations underline
the importance of approximating culture conditions as
closely as possible to those of the native microenvironment,
and fill a widely acknowledged gap in our ability to preserve
islet functionality in vitro. As stem cell-derived insulin-pro-
ducing cells are likely to suffer from the same limitations as
those observed inreal islets, our findings are especially timely
in the context of current efforts to define renewable sources
for transplantation.

METHODS

Use of Human Tissue Material:

Investigations with human tissues were preceded by Uni-
versity of Miami Institutional Review Board (IRB) approval.

Human Islet Isolation:

Human islet preparations were processed at the Diabetes
Research Institute cGMP Core according to standard meth-
ods described elsewhere (24, 46).

35 mm PFC/PDMS Dish Manufacture:

We set out to build a mass-producible, disposable 35 mm
diameter prototype in which the inner and outer rings are held
together by an interference fit, and the latter has three legs that
elevate the membrane 1 mm off the surface to allow circula-
tion of air from underneath (FIG. 12). Membranes were
extruded by Specialty Silicone Fabricators (Paso Robles,
Calif.) according to our specifications. A two-part polydim-
ethylsiloxane (PDMS) [RTV615 Part A (938.7 g); RTV615
Part B (312.9 g) (GE Silicones)] and Perfluorooctyltriethox-
ysilane (Alfa Aesar) (408.9 g) were mixed to obtain a 0.012"
(305 pm+/-12 pm)x13" (33 cm)x600" (1,524 cm) roll from
which discs could subsequently be punched. Rapid prototyp-
ing was done with the Objet Eden 250 3D printing system.
Prototypes were manufactured with Vero White resin to check
fit and function. Advanced models were made by Computer
Numerical Control (CNC)-assisted precision machining
Injection molding was done with Noryl HNA033, an unfilled
modified polyphenylene ether resin designed to withstand
several autoclave cycles and gamma irradiation sterilization.
The injection molding of the inner and outer rings of the 35
mm prototype was done at ProtoMold (Maple Plain, Minn.).
The assembly process was done at Biorep Technologies (Mi-
ami, Fla.). For quality control, the assembled dish was placed
on a tension meter jig and tension read with a Newman
SRMeterl. Tension had to be within the 16-40 N/cm range.

Diffusivity studies: O, spot sensors (PreSensGmBH,
Regensberg Germany) were affixed with epoxy to the center
of the bottom surface of wells in a standard 24 well culture
plate (VWR Inc, Marietta, Ga.). 3 mm PDMS or PFC/PDMS
membranes were subsequently fit into the wells atop the
sensors, using quick-drying PDMS along the outer edges to
insure an air-tight seal. As a control, some sensor wells were
filled with 60 pl. Hanks Balanced Salt Solution (HBSS, Invit-
rogen, CellGro). After equilibration at 38 mm Hg O, (5%),
the entire sensor rigging was transferred to the upper stage of
an incubator set to standard 95% Room Air/5% CO, culture
conditions. Taking into account vapor pressure differences,
this translates to a pO, of 142 mm Hg. Care was taken not to
agitate the well-plate to avoid convective disturbances. Addi-
tionally, the time of exposure to the temperature difference
between the incubator and the room (approximately 12° C.)
was never greater than 5 seconds, so as to minimize thermal
effects. O, partial pressure was measured in the system until
the signal reached an equilibrium point at the new pO, setting
of 142 mm Hg. Data points were recorded every 15 seconds
for the length of the experiment. Our modeling assumed that
(a) diffusion was 1D through the height of the measured

10

20

25

30

35

40

45

42

compound, as the sides were treated as impermeable to O,;
(b) effects due to diffusion through plastic and the edge seal
were minimal; and (c¢) temperature shifts from moving the
apparatus were negligible.

Theoretical Modeling:

A retrospective analysis of islet size distributions from 184
human isolations was performed. The total volume of each
count and the contribution of each size range to the total
volume was determined as previously described (7). The
majority of the tissue volume (77% pre-Ficoll and 80% post-
purification in layer 1) fell in the range of 100-300 um, with
the largest percentage measuring between 150-200 pm. This
volume distribution was utilized for finite element modeling
to maintain the largest tissue percentage [Islet Equivalents
(IEQs) between 100-300 um] at or near physiological pO,
while minimizing anoxia and hyperoxia.

The O, consumption rate (OCR) of each preparation prior
to plating was assessed using triplicate aliquots of 500 IEQs
in a stirred chamber O, measurement device (Instech Labs,
Plymouth Harbor, Pa.). 2D Diffusion/Reaction theoretical
modeling was performed on permutations of control and
experimental culture systems using COMSOL v.3.3 finite
element analysis software.

Glucose-Stimulated Insulin Release (GSIR):

Glucose stimulated insulin release was done by aliquoting
100 IEQs suspended in a Sephadex G10 slurry within 10 mL
microchromatography columns. After an equilibration incu-
bation in low glucose (2.2 mM)-modified Krebs buffer con-
taining 0.1% w/v BSA, 26 mM sodium bicarbonate and 25
mM HEPES buffer, sequential 1 hour incubations were per-
formed in low (2.2 mM), high (16.6 mM) and low (2.2 mM)
buffers. Samples were collected for insulin analysis at the end
of'each hour following the pre-incubation. Insulin was quan-
tified using the Mercodia Human Insulin ELISA (Winston
Salem, N.C.). The insulin data utilized was the difference in
total insulin production per 100 IEQs between the high glu-
cose and first hour of low glucose stimulation (Delta). In our
experience, this value strongly correlates with full mass sub-
renal capsular transplant outcome in athymic nude mice.

O, Consumption Rate (OCR):

The DNA-normalized index of OCR was calculated using
the BD Oxygen Biosensor as previously described (17).
Briefly, triplicate 200 pL. aliquots of 500 IEQs each sus-
pended in either a modified Krebs buffer containing low (2.2
mM) or high (16.6 mM) glucose concentrations were placed
in individual wells of the BD Biosensor. Dry, medium con-
taining and sodium sulfite controls were also run in tripli-
cates. After equilibration at 37° C., fluorescence measure-
ments were taken every 5 minutes for 16 hours (ex: 485 em:
620). The early increase (between minutes 15-50) in fluores-
cence signal is indicative of the rate of O, depletion in each
well.

qRT-PCR:

Total RNA was purified using miRNA Mirvana kit (Life
Technologies, Grand Island, N.Y.). Random oligomers were
used to generate cDNA with the High Capacity Reverse Tran-
scription kit (Life Technologies, Grand Island, N.Y.). Rela-
tive expression of selected markers was calculated using Taq-
man® assays in Applied Biosystems thermal cyclers (Life
Technologies, Carlsbad, Calif.). The 7900HT model was used
to run Tagman® Low Density Array (TLDA) pre-designed
cards (apoptosis). The ACt method for relative quantification
was employed for all calculations.

Animal Studies:

Animal procedures were done under protocols approved
by the University of Miami Institutional Animal Care and Use
Committee. Athymic nude mice (5-6 week old, Harlan Labo-
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ratories, Indianapolis, Ind.) were housed in virus antibody-
free rooms with free access to autoclaved water and food at
the Division of Veterinary Resources. Personnel at the Trans-
lational Models Core of the Diabetes Research Institute per-
formed all surgical procedures. A single streptozotocin (stz)
injection induced selective destruction of islet f-cells and
onset of diabetes. Animals were monitored and insulin pellets
used if needed to maintain the overall health of the animals
prior to transplantation. Under general anesthesia, the left
kidney was externalized and a small puncture made in its
capsule. Islets were injected under in a minimal volume of
saline. The muscle/fascia was sutured with cat gut 4-0 and the
skin closed with surgical staples. Buprenorphin was admin-
istered subcutaneously to alleviate postsurgical pain. After
transplantation, recipients were followed-up with blood glu-
cose measurements to monitor graft function.

Statistical Analyses:

The averaged results of in vitro assessments are expressed
as the mean fold control xstandard deviation (SD) for the
purpose of easily understood quantification. For statistical
analysis, the raw data were utilized in non-parametric rank
sum tests. When calculating the standard deviation of ratios,
the following formula was utilized:

R @0 ren1?) M

where R represents the ratio,

X
v

cv(X) is the variance of the numerator, and cv(Y) the variance
of the denominator.

The raw data was utilized in the Mann-Whitney (rank sum)
statistical test, assuming non-Gaussian distribution. The
Mann-Whitney test utilizes the parametric raw data assigning
a rank to each value independent of the group association.
These ranks are then summed for each group and the differ-
ence between the sums dictates the p value, where a larger
difference correlates with lower p value. A p=<0.05 was con-
sidered significant. Values of p<0.01 were considered highly
significant.

Kaplan-Meier survival analysis with log-rank (Mantel-
Cox) and Gehan-Breslow Wilcoxon tests for significance
were performed on transplant data.

Results

A Device for Enhanced Oxygenation:

We have designed a culture device in which cells and
tissues can receive O2 both from the top (diffusing through
the medium) and the bottom (across a perfluorohydrocarbon-
silicone, or PDMS/PFC, membrane) (FIG. 12). Perfluorohy-
drocarbons, or PFCs, are inert compounds made of carbon-
fluorine chains. Because of this molecular configuration, they
can bind and transter O2 with ease. The O2 solubility of PFCs
is about 50 times higher than that of medium, which is supe-
rior to that of hemoglobin under certain conditions (4). Their
02 diffusivity is also considerably higher that of water or
medium (37). Computerized mathematical modeling (COM-
SOL), as well as direct in vitro measurements (18) show that
our system maximizes the volume of tissue exposed to physi-
ological pO2.

02 Diffusivity Through PFC/PDMS Exceeds that Mea-
sured on PDMS Alone Membranes:

In order to address whether PFC/PDMS membranes had
any advantage over those made of PDMS alone, we con-
ducted diffusivity studies as indicated in Methods. The aver-
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age diffusivity value calculated for the “PDMS alone” mem-
brane was 3.9x10-5£2.97x107¢ cm?*s (n=4), which fell
within the range of average values for silicone in the litera-
ture. In contrast, the average diffusivity calculated for the
20% v/v PEC/PDMS composition was 6.46x10-5x4.51x107°
cm?/s (n=4), nearly 70% higher than that of the silicone
(p<0.01). Therefore, PFC/PDMS membranes have higher O,
diffusivity than those manufactured exclusively with PDMS.
The advantage of adding PFC was further proven using a
biological system (embryonic pancreatic buds) in vitro, as
previously described (18).

Determination of the Human Islet Normoxic Range Using
PFC/PDMS Dishes:

Islets cultured at 21% O, in regular dishes are known to
receive suboptimal oxygenation (41). Due to the intrinsic
limitations of conventional culture devices, mere changes in
the incubator’s O, concentration still generate diffusion gra-
dients that are detrimental for islet cell function and viability.
PFC/PDMS dishes, in contrast, allow for a better targeting of
a desired physiological range. Theoretical modeling of O,
diffusion through islets sized 150-200 um (FIG. 13A) was
done using COMSOL v.3.3 finite element analysis software.
We modeled O, diffusion through islets of different sizes
plated in both regular plasticware and PFC/PDMS dishes.
Environmental O, concentrations spanned a range from 8%
(low) to 21% (regular). FIG. 13B shows the results of these
calculations for four representative culture groups, namely:
plasticware in atmospheric [O,]; PFC/PDMS in atmospheric
[O,]; plasticware at low [O,]; and PFC/PDMS at low [O,].
According to these models, a maximal volume of tissue at
physiological O, levels is reached when the islets are placed
in PFC/PDMS dishes at an external pO, of 63-95 mm Hg
(approximately 8-12.5% O,), depending on the OCR. The
ranges examined within the tissue were: critically anoxic
(<0.1 mm Hg, no OCR), hypoxic (>0.1 mm Hg<0.4 mm Hg,
OCR rapidly decreasing), physiological (>0.4 mm Hg<100
mm Hg) and hyperoxic (>100 mm Hg). As shown in FIG.
13B, the model indicates that islets cultured at reduced pO,
(95 mm Hg, or 12.5%) on PFC/PDMS (“PFC low”) have the
highest percentage of tissue volume (~75%) within the physi-
ological O, range. In this setting there was almost no critical
anoxia, and hyperoxia was undetectable. In contrast, all other
groups had either a significant percentage of both anoxic and
hypoxic regions [control plasticware, both at atmospheric
(21%) and low (12.5%) O, concentration] or a large hyper-
oxic portion of tissue [PFC/PDMS at atmospheric (21%) O,
concentration|. All modeling was done at a standard plating
density of ~175-200 IEQs/cm?.

Targeting of a Physiological O, Range Maximizes Islet
Viability and Function:

In order to test our theoretical calculations, we set up a
series of experiments with isolated human islets. Individual
preparations were analyzed according to several criteria,
including f cell fractional viability (24) and OCR index (17).
Taken together, these criteria are generally predictive of islet
cell function in humans, and help establish retrospectively
whether a preparation is “good” or “bad”. The improvement
observed in aliquots from low quality preparations cultured in
PFC/PDMS dishes (n=5), was marginal compared to samples
in control conditions. These preparations had very low OCR
and glucose stimulation indices, and were largely irrespon-
sive regardless of the culture conditions. However, 8 samples
were considered to be of fair/good quality according to the
above parameters. Aliquots of these samples were plated in
either regular dishes (control) or PFC/PDMS devices (PFC),
both at normal (21%) and low (8-12.5%) O, concentrations.
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As mentioned earlier, the latter was shown to be the optimal
concentration range to target physiological islet oxygenation
(~40 mm Hg) using the PFC/PDMS system. 24 h after plating
the aliquots in each of the four conditions, we analyzed islet
loss (FIG. 14A), OCR index (FIG. 14B) and glucose-stimu-
lated insulin release (GSIR) (FIG. 14C). Our data show that
islets cultured in PFC platforms perform significantly better
than those kept in regular conditions: When normalizing
against the control group at 21% O, (C atm=1), cell loss was
1.24/-0.78 in the low O, control group (C low), 0.91+/-0.13
in the PFC/PDMS group at 21% O, (PFC atm) and only
0.53+/-0.45 in the PFC/PDMS group at low O, (PFC low)
(FIG. 14A). The difference in viability between C atm (regu-
lar conditions) and PFC low (maximal tissue volume at physi-
ological pO,) was statistically significant (P<0.01). Simi-
larly, when using C atm as a normalizer (=1), OCR was
0.8+/-0.01 in C low, 1.094/-0.05 in PFC atm and 1.3+/-0.11
in PFC low (FIG. 14B). Once again, the difference in OCR
between C atm (regular conditions) and PFC low (maximal
tissue volume at physiological pO,) was statistically signifi-
cant (P<0.01). Finally, the GSIR delta normalized against the
value obtained in C atm (=1) was 0.75+/-0.321 in C low,
1.22+/-0.25 in PFC atm and 1.37+/-0.17 in PFC low (FIG.
14C). These Delta values translate into relative GSIR indices
of 1 (C atm), 0.68+/-0.10 (C low), 1.91+/-0.25 (PFC atm)
and 1.944/-0.79 (PFC low). Statistical analyses of both met-
rics showed that the PFC low group was better than conven-
tional culture (P=0.05). In summary, survival and function
were higher when adjusting the environmental O, concentra-
tion to better target the islet physiological range.

A Trend for Earlier Diabetes Reversal in PFC/PDMS-Cul-
tured Islets:

The marginal mass transplantation model in diabetic mice
is particularly suited for the purpose of analyzing the poten-
tial benefits of any given treatment (43). Transplantation of a
small number of islets (500-1000) under the kidney capsule
leads to the reversal of hyperglycemia, but typically thereis a
measurable delay from the time of implantation. If an inter-
vention is effective, time to reversal is reduced. This model
allowed us to assess the effects of pre-transplantation culture
(24 h) of human islet preparations using PFC/PDMS devices.

Following isolation, human islets were allowed to recover
overnight in regular conditions, and then separated in two
aliquots: one was kept in standard dishes at 21% O, and the
other placed in PFC/PDMS dishes at 8-12.5% O, (final con-
centration calculated based on the baseline OCR of each
preparation). As mentioned earlier, the latter range sustains
the maximal volume of the tissue at physiological pO, when
using PFC/PDMS dishes.

24 hlater, islets were aliquoted for transplantation (3 mice/
group, 1000 islets/animal) and in vitro studies. The OCR was
consistently higher (1.85 vs. 1.43) in the PFC/PDMS group,
which is in line with our previous results. This parameter is
highly predictive of function after transplantation (17), with
higher indices normally indicating faster diabetes reversal
times upon transplantation in mice. Similarly, the Glucose
Stimulated Insulin Release (GRIR) “delta” (high minus low
1) was in average 2-fold higher in the PFC group than in
controls.

The outcome of transplantation experiments is represented
in FIG. 15. Based on in vitro metrics of viability, the preps
were retrospectively grouped into either “rapid reversal” or
“delayed/no reversal”. In the first group, there was a clear
trend (P=0.10) towards greater percentage of diabetes rever-
sal (100% vs. 80%), defined as 5 consecutive days of blood
glucose <200 mg/dL.. Additionally, there was a trend toward
earlier reversal times in the PFC group (5 days vs. 10.5 days),
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despite the small n (5 experiments). The in vivo outcomes
coupled with the in vitro assessments indicate that prepara-
tions with poor basal in vitro performance typically are not
rescued by culture in the PFC/PDMS. Conversely, prepara-
tions with in vitro performance that correlates with rapid
reversal in the full mass bioassay, are improved in both their
in vitro performance and in the marginal mass setting. Addi-
tional evidence was obtained from Tagman®-based Low
Density Array (TLDA) cards designed to quantitatively mea-
sure the expression of a panel of 94 genes involved in apop-
tosis, which has been already proven to be at the root of
hypoxia-induced islet cell death (19,39). The analysis of
samples representative of a “good” preparation (HP1915) and
a “bad” one (HP1927) is presented in FIG. 15B. Culture of
HP1915 islets in PFC/PDMS dishes reduced the expression
of pro-apoptotic genes by an entire order of magnitude vs.
controls (15B, bottom panel). In contrast, the relative expres-
sion of these genes was comparable in both groups when
using a bad preparation (HP1927, 15B, top panel). Absolute
levels of expression were highly elevated in HP1927 vs.
HP1915, suggesting that, for the most part, these islets were
irreversibly apoptotic. In summary, our studies demonstrate
that: (a) human islets exhibit enhanced survival and function
when cultured in PFC/PDMS dishes; (b) this means of culture
is translated in faster diabetes reversal times when islets are
transplanted in immunodeficient, diabetic mice; and (c) cul-
ture in PFC/PDMS dishes cannot improve the viability of
poor quality islet preparations.
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Example 11
Examples of Fluorocarbon Derivatives

The fluorocarbon derivatives described herein include,
among other compounds, which include but are not limited to
fluoropolymers, refrigerants, solvents, anesthetics, fluorosur-
factants, fluorinated silanes and partially fluorinated silanes.

Fluorocompounds are also encompassed by the devices
and methods described herein. Fluorocompounds include any
molecule with fluorine bound to a carbon chain that is not a
perfluorocarbon in which all the hydrogens that were part of
a carbon chain are replaced by fluorine atoms and having a
side group that is not fluorine. A specific example of a fluo-
rocompound includes but is not limited to a fluorinated or
partially fluorinated alkyl silane, particularly 1H, 1H, 2H, 2H
perfluorooctyl triethoxy silane as it is a fluorinated carbon
chain tail group on a backbone made up of silicon, carbon and
oxygen (triethoxysilane). The structure of silane is shown
below.
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Silanes are typically silicon with 4 hydrogens, in the most
simple form. In a typical embodiment of the devices and
methods described herein, the silane is triethoxy (the
O—CH3 groups) and then it is fluorinated because the fluo-
rocarbon derivative chain replaces the last hydrogen, which
with the hydrogen would make it triethoxysilane, instead of
perfluorotriethoxysilane. The structure of triethoxy silane is
as follows:

As an example of one embodiment of a fluorocarbon deriva-
tive matrix, PDMS is mixed, combined or impregnated with a
fluorocarbon derivative and formed into a gas permeable/
liquid impermeable membrane. The fluorocarbon derivatives
described herein may be used in any suitable form, and may
be combined or mixed with a silicone composition using any
suitable methodology. For example, fluorocarbon derivative
(e.g., a fluorinated silane or partially fluorinated silane) may
be in a cross-linked form before combing with, mixing with,
or impregnating a silicone composition. Additionally, a fluo-
rocarbon derivative (e.g., a fluorinated silane or partially flu-
orinated silane) may be cross-linked with a silicone compo-
sition.

In one embodiment, a cell and tissue culture apparatus
includes a tissue culture device containing a gas permeable,
liquid impermeable membrane barrier, the gas permeable,
liquid impermeable membrane comprising a silicone compo-
sition impregnated, mixed or combined with a fluorocarbon
derivative; support members extending from the bottom, side
or top of the tissue culture device to elevate the tissue culture
deviceto allow air flow; and, a tray or culture flask comprising
the tissue culture device, wherein the liquid impermeable
membrane barrier defines a continuous surface of the tissue
culture device and allows oxygenation of and minimization of
hypoxia in cells resting thereupon. The fluorocarbon deriva-
tive can be a fluorosilane, e.g., triethoxyfluorosilane. In some
embodiments, the fluorocarbon derivative is homogenously
dispersed throughout the silicone composition. Typically, the
tissue culture apparatus comprises an upper and lower open-
ing, and the barrier defines a continuous bottom surface ofthe
tissue culture device. The liquid impermeable membrane bar-
rier can further include at least one material selected from
ceramics, polymers, woven substrates, non-woven substrates,
polyamide, polyester, polyurethane, fluorocarbon polymers,
polyethylene, polypropylene, polyvinyl alcohol, polystyrene,
vinyl, plastics, metals, alloys, minerals, non-metallic miner-
als, wood, fibers, cloth, glass, and hydrogels. In some
embodiments, the fluorocarbon derivative and silicone com-
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position has a ratio of between about 0.001% v/v fluorocar-
bon derivative per ml of composition up to 80% v/v fluoro-
carbon derivative per ml of silicone composition (e.g., a ratio
of about 10% to 20% v/v fluorocarbon derivative per ml of
silicone composition). The tray is made from at least one
material comprising ceramics, polymers, woven substrates,
non-woven substrates, polyamide, polyester, polyurethane,
fluorocarbon polymers, polyethylene, polypropylene, pertlu-
orinated hydrocarbon, polyvinyl alcohol, polystyrene, vinyl,
plastics, metals, alloys, minerals, non-metallic minerals,
wood, fibers, cloth, glass, hydro gels and silicone. The tray
caninclude a plurality of tissue culture devices, as well as a lid
which allows for gaseous exchange. Using the cell and tissue
culture apparatus, the oxygenation and minimization of
hypoxia increases proliferation of the cells in some embodi-
ments, and in other embodiments, increases differentiation of
the cells. Examples of cells to be cultured include neural stem
cells, beta cells and hepatocytes.

An apparatus for the transportation of cells, tissues and
organs includes a culture device containing a gas permeable,
liquid impermeable membrane barrier to allow air flow, the
gas permeable, liquid impermeable membrane comprising a
silicone composition impregnated, mixed or combined with a
fluorocarbon derivative, wherein the liquid impermeable
membrane barrier defines a continuous surface of at least one
side of the culture device and allows oxygenation of and
minimization of hypoxia in cells resting thereupon; and, a
container enclosing the culture device.

In one embodiment, of a method of growing cells or tissue
explants in an enhanced oxygen delivery tissue culture appa-
ratus, the method includes suspending the cells or tissue
explants to be cultured in an apparatus as described herein, in
an appropriate amount of tissue culture medium to form a
suspension; and incubating the cell culture apparatus, con-
taining the suspension of medium and cells, in a cell culture
incubator. Cells to be cultured can be anchorage-dependent
cells or anchorage-independent cells. The cells can be any
type of cells, including stem cells, for example.

Other Embodiments

It is to be understood that while the invention has been
described in conjunction with the detailed description
thereof, the foregoing description is intended to illustrate and
not limit the scope of the invention. Other aspects, advan-
tages, and modifications are within the scope of the following
claims.

All references cited herein, are incorporated herein by ref-
erence.

What is claimed is:

1. A cell and tissue culture apparatus comprising:

a tissue culture device containing a gas permeable, liquid
impermeable membrane barrier, the gas permeable, liq-
uid impermeable membrane comprising a silicone com-
position impregnated, mixed or combined with a fluo-
rocarbon derivative; support members extending from
the bottom, side or top of the tissue culture device to
elevate the tissue culture device to allow air flow; and, a
tray or culture flask comprising the tissue culture device,
wherein the liquid impermeable membrane barrier
defines a continuous surface of the tissue culture device
and allows oxygenation of and minimization of hypoxia
in cells resting thereupon.

2. The cell and tissue culture apparatus of claim 1, wherein

the fluorocarbon derivative is fluorosilane.

3. The cell and tissue culture apparatus of claim 2, wherein
the fluorosilane is triethoxyfluorosilane.
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4. The cell and tissue culture apparatus of claim 1, wherein
the tissue culture apparatus comprises an upper and lower
opening; and wherein the barrier defines a continuous bottom
surface of the tissue culture device.

5. The cell and tissue culture apparatus of claim 1, wherein
the liquid impermeable membrane barrier further comprises
at least one material selected from ceramics, polymers,
woven substrates, non-woven substrates, polyamide, polyes-
ter, polyurethane, fluorocarbon polymers, polyethylene,
polypropylene, polyvinyl alcohol, polystyrene, vinyl, plas-
tics, metals, alloys, minerals, non-metallic minerals, wood,
fibers, cloth, glass, and hydrogels.

6. The cell and tissue culture apparatus of claim 1, wherein
the fluorocarbon derivative and silicone composition has a
ratio of between about 0.001% v/v fluorocarbon derivative
per ml of composition up to 80% v/v fluorocarbon derivative
per ml of silicone composition.

7. The cell and tissue culture apparatus of claim 6, wherein
the fluorocarbon derivative and silicone composition has a
ratio of about 10% to 20% v/v fluorocarbon derivative per ml
of silicone composition.

8. The cell and tissue culture apparatus of claim 1, wherein
the tray is made from at least one material comprising ceram-
ics, polymers, woven substrates, non-woven substrates,
polyamide, polyester, polyurethane, fluorocarbon polymers,
polyethylene, polypropylene, perfluorinated hydrocarbon,
polyvinyl alcohol, polystyrene, vinyl, plastics, metals, alloys,
minerals, non-metallic minerals, wood, fibers, cloth, glass,
hydro gels and silicone.

9. The cell and tissue culture apparatus of claim 1, wherein
the tray comprises a plurality of tissue culture devices.

10. The cell and tissue culture apparatus of claim 1,
wherein the tray comprises a lid which allows for gaseous
exchange.

11. The cell and tissue culture apparatus
wherein the oxygenation and minimization
increases proliferation of the cells.

12. The cell and tissue culture apparatus
wherein the oxygenation and minimization
increases differentiation of the cells.

13. The cell and tissue culture apparatus of claim 1,
wherein the cells are selected from the group consisting of:
neural stem cells, beta cells and hepatocytes.

14. The cell and tissue culture apparatus of claim 1,
wherein the fluorocarbon derivative is homogenously dis-
persed throughout the silicone composition.

15. A method of growing cells or tissue explants in an
enhanced oxygen delivery tissue culture apparatus, the
method comprising: suspending the cells or tissue explants to
be cultured in the apparatus according to claim 1, in an appro-
priate amount of tissue culture medium to form a suspension;
and incubating the cell culture apparatus, containing the sus-
pension of medium and cells, in a cell culture incubator.

16. The method of claim 15, wherein the cells to be cul-
tured are anchorage-dependent cells.

17. The method of claim 15, wherein the cells to be cul-
tured are anchorage-independent cells.

18. The method of claim 15, wherein the cells are stem
cells.

19. An apparatus for the transportation of cells, tissues and
organs comprising:

a culture device containing a gas permeable, liquid imper-
meable membrane barrier to allow air flow, the gas per-
meable, liquid impermeable membrane comprising a
silicone composition impregnated, mixed or combined
with a fluorocarbon derivative,

of claim 1,
of hypoxia

of claim 1,
of hypoxia
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wherein the liquid impermeable membrane barrier
defines a continuous surface of at least one side of the
culture device and allows oxygenation of and mini-
mization of hypoxia in cells resting thereupon; and,
a container enclosing the culture device. 5
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